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AN INVESTIGATION OF CHECKERBRICK FOR
CARBURETERS OF WATER-GAS
MACHINES
I. INTRODUCTION
1. Initiation of Investigation.-A typical machine for pro-
ducing carbureted water-gas consists of a generator, a carbureter, and
a superheater. The carbureter is usually a large cylindrical chamber
lined with firebrick and containing a large number of fireclay bricks,
commonly called checkerbricks, which form a checkerwork filling all
but the upper quarter of the chamber. The operating cycle of such
a machine consists primarily of two operations called the "blow" and
the "run." During a blow, a bed of incandescent coke is formed in
the generator and the checkerwork in the carbureter is heated to a
high temperature; during a run, steam is injected into the generator
and oil is sprayed on the hot checkerbricks in the carbureter. The
steam reacts with the coke to form blue-gas, which passes through the
carbureter and mixes with the volatile hydrocarbons produced by the
volatilization and cracking of the oil, thus resulting in a mixture of
higher illuminating value.
Under modern operating conditions it has been found that the
checkerbricks in the carbureters deteriorate very rapidly, the frag-
ments fouling the checkerwork and necessitating frequent shut-downs
for replacement. In some cases the checkerbrick have to be replaced
every 600 operating hours, although in former years a checkerwork
often lasted as long as 5000 operating hours.
This bulletin is a report of the investigation of this situation
which was undertaken at the suggestion of and with the co6peration
of the SUB-COMMITTEE ON REFRACTORIES OF THE UTILITIES RESEARCH
COMMITTEE. The Utilities Research Committee represented the COM-
MONWEALTH EDISON COMPANY, the PUBLIC SERVICE COMPANY OF
NORTHERN ILLINOIS, the PEOPLES GAS LIGHT AND COKE COMPANY, the
MIDDLE WEST UTILITIES COMPANY, the CHICAGO RAPID TRANSIT COM-
PANY and the CHICAGO NORTH SHORE AND MILWAUKEE RAILROAD COM-
PANY. The members of the Sub-committee on Refractories were Mr.
ROBERT B. HARPER, Chief Testing Engineer, the Peoples Gas Light and
Coke Company, Chairman; Mr. ALEXANDER D. BAILEY, Superintendent
of Generating Stations, Commonwealth Edison Company; Mr. DWIGHT
F. BURRITT, Vice-president, Middle West Utilities Company; Mr.
GEORGE W. HAMILTON, Vice-president, Middle West Utilities Com-
7
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pany; Mr. JULIUS HECHT, Vice-president, Public Service Company of
Northern Illinois; and Mr. JOHN M. LEE, Assistant to the Vice-presi-
dent, Public Service Company of Northern Illinois.
2. Acknowledgments.-This investigation has been a part of the
work of the Engineering Experiment Station of the University of
Illinois, of which DEAN M. S. KETCHUM is the director, and of the
Department of Ceramic Engineering, of which PROF. C. W. PARMELEE
is the head.
The writers wish to acknowledge the co6peration which has been
afforded them by Mr. ROBERT B. HARPER and his assistant, Mr.
GEORGE A. MORGAN, of the Peoples Gas Light and Coke Company,
Mr. EDWIN K. DEMLOW and Mr. RoY WRIGHT of the Illinois Power
and Light Company, Mr. HOWARD B. YOUNG of the Chicago By-
Products Coke Company, and the manufacturers of firebrick, special
materials, and heat resisting alloys who so willingly assisted. A list
of these manufacturers, their addresses, and
materials they submitted are given below.
Manufacturer Address
Ashland Fire Brick Co. Ashland, Ky.
Chicago Retort and Fire
Brick Co.
Crescent Refractories Company
Evens and Howard Fire Brick
Company
J. H. Gautier and Co.
Ottawa, Ill.
Curwensville, Pa.
St. Louis, Mo.
Jersey City, N. J.
A. P. Green Fire Brick Company Mexico, Mo.
Harbison-Walker Refractories
Company
LaClede Christy Clay Products
Company
Parker-Russell Mining Company
Louisville Fire Brick Works
Widemire, Pa.
St. Louis, Mo.
St. Louis, Mo.
Louisville, Ky.
Seaboard Refractories Company Perth Amboy, N. J.
the designations of the
Trade Names
1. Ashland Crown
2. Ashland Empire Crown
1. Ajax
2. Superior
1. Reliance
1. Evens Howard Checker
J. H. Gautier and Co.,
No. 1, Jersey City, N. J.
1. A. P. Green F. B. Co.
Crown S. M.
2. A. P. Green F. B. Co.
Empire S. M.
3. A. P. Green F. B. Co.,
Kruzite
1. Widemire
1. LaClede St. Louis
1. P.R.M.& M. Co.,
Checker*
1. L. F. B. Wks.,
Louisville
1. Seaboard Middlesex
Reg. U. S. Pat. Off.
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Manufacturer
The Babcock & Wilcox
Company
The Vitrefax Co.
Standard Soapstone Corporation
Alberene Stone Co.
Albemarle Soapstone
Corporation
Virginia-Carolina Soapstone
Corporation
Victor Hybinette,
Pusey & Jones Co.
Chrobaltic Tool Co.
Duriron Co.
Driver-Harris
Ohio Steel Foundry Co.
Hoskins Manufacturing
Company
The Thermal Syndicate Ltd.
Address Trade Names
East Liverpool, Ohio 1. No. 80 (Kaolin)
2. No. 80 (Kaolin 4 Mesh)
Vernon, Cal. 1. Argon A. A.
Nelson County, Va. 1. Soapstone blocks
2. Crushed soapstone
Schuyler, Va.
Charlottesville, Va.
Roanoke, Va.
Wilmington, Del.
Michigan City, Ind.
Dayton, Ohio
Harrison, N. J.
Springfield, Ohio
Detroit, Mich.
Brooklyn, N. Y.
1. Soapstone blocks
1. Soapstone blocks
1. Soapstone blocks
1. Hybnickel A
2. Hybnickel B
3. Hybnickel C
1. Fire-Armor
2. No. 16 Alloy
1. Duriron
1. Nichrome
1. Fahrite N-1
2. Fahrite C-S
1. Nichrome
1. Fused quartz blocks
and tubes
II. PRELIMINARY INVESTIGATION
3. Plan of Preliminary Investigation.-A preliminary investiga-
tion of the situation was undertaken in order to secure information
which could be used in planning further work. It included a study
of the literature, an inspection of typical water-gas machines, a
solicitation of recommendations from gas and firebrick manufacturers,
an examination of used checkerbrick, and the performance of small
laboratory experiments to determine the effect of reducing gases on
fireclay bricks at high temperatures.
The study of the literature showed that many explanations for
the failure of checkerbrick had been advanced, although very little
experimental work had been done, and no studies of conditions in
actual carbureters had been reported. Specifications and recommen-
dations had been generally made on the basis of experiments with
regenerators, about which more was known.
It had been shown that, under certain conditions, disintegration
of firebricks in contact with reducing gases could be brought about
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by the deposition of finely divided carbon in the pores of the bricks,
due to the catalytic action of iron particles present as impurities.
Examples of the occurrence of this phenomenon both in practice and
in the laboratory were cited. The laboratory experiments were neither
extensive nor definitely controlled, but, in some cases, indicated that
the reaction causing the deposition of carbon was reversible in the
neighborhood of 550 deg. C. (1022 deg. F.), very little deposition
taking place at temperatures higher than this.
Inspection of gas plants in Chicago and Champaign showed that,
for the purpose of this investigation, carbureters could be divided
into three classes: those in which deposition of an asphalt-like carbon
material from the oil, along with ash from the generator fuel, fouled
the checkerwork, and was the primary cause for shut-downs; those
in which such deposition was practically negligible, and the failure
of the checkerbrick- was responsible for shut-downs; and those in
which the amount of deposition varied from time to time, and in
which either of the conditions previously noted, or an intermediate
one, might be found. The single-shell machines of the Williamson
type in Chicago, in which the rate of oil input was very rapid, af-
forded examples of the first class; the small three-shell machines in
Champaign were of the second type, and the large three-shell machines
in the Crawford Avenue plant, Chicago, were examples of the third
type.
In any one carbureter the amount of deposition depends almost
entirely upon the properties of the oil which is used. The use of
topped crudes and refinery residuums, which cause heavy deposition,
is an economic necessity in large plants due to the fact that light
distillate oils cannot be obtained in sufficient quantity to meet the
growing demands of the gas industry. This, in turn, is due to the
introduction of the cracking process, which has increased the yield
of gasoline from crude oil at the expense of the yield of gas oil, and
has also made it profitable for oil refineries to buy gas oil and crack
it into gasoline. This situation makes it necessary for the large com-
panies to buy from a number of refining companies, causing the
properties of the oil used in the carbureters to vary continually. Al-
though the introduction of the heavy oils has increased the amount
of deposition in the carbureters, in most other respects the use of
these oils has been quite satisfactory and will probably continue for
some time to come.
In nearly all of the plants which were visited, inexpensive, stiff-
mud, fireclay bricks were used, and the top courses of checkerbrick
disintegrated rapidly, breaking up into small pieces which blocked
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the openings in the checkerwork immediately below. Several explana-
tions for this failure were advanced, in one case the presence of excess
steam being blamed. The presence of black cores in the used check-
erbrick was considered an indication of inferior quality by some of
the operators. Thermocouples placed at about the fourth course from
the- top of the checkerwork indicated maximum temperatures of about
870-927 deg. C. (1600-1700 deg. F.) in most of the plants; the tem-
peratures in the top courses, however, were much higher.
The recommendations of the gas and firebrick manufacturers
showed little agreement. Open bricks of the semi-flint type were
recommended on the basis of their ability to resist spalling; dense,
hard-burned brick, because they resisted the penetration of reducing
gases and slag; bricks of low iron content, in order to prevent the
catalytic deposition of carbon; and high alumina bricks, to resist
slagging. Thus, the uncertainty as to the principal causes of failure
were reflected in the recommendations.
Microscopic examination of some used checkerbrick showed that
some slag attack had occurred in the top courses, the slag being high
in alkalis; in the lower courses, the slag had not been so fluid, was
higher in iron, and had dripped from the top courses to a considerable
extent. The following analyses were obtained:
SiO2 A103 Fe 2  CaO MgO Alkalis
Thin slag ...... 51.24 26.18 7.36 3.84 1.37 10.75
Thick slag..... 48.00 24.03 16.09 2.86 1.38 6.81
Brick .......... 63.81 27.10 4.35 0.22 0.62 0.38
The average softening point of the slag was found to be about
1149 deg. C. (2100 deg. F.), indicating that temperatures in this
neighborhood were reached at times in the carbureters. The soften-
ing point of the brick material was about 1738 deg. C. (3160 deg. F.)
or about 538 deg. C. (1000 deg. F.) higher than the maximum carbu-
reter temperatures.
Small-scale laboratory experiments in which pieces of fireclay
brick were heated in an atmosphere of illuminating gas indicated
that disintegration due to deposition of carbon did not take place in
the neighborhood of 982 deg. C. (1800 deg. F.).
In general it was apparent that the number of factors involved
in the problem was very great. Carbureter conditions varied in many
respects from plant to plant and in each plant from day to day. Each
brand of fireclay bricks differed from other brands in many ways,
and within each brand considerable variation in properties occurred.
Very little information regarding the principal causes of failure and
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the ability of bricks of different types to withstand carbureter condi-
tions was available.
4. Plan of Main Investigation.-The preliminary investigation
had shown that, under the prevailing operating conditions, the use of
cheap, stiff-mud, fireclay bricks as checkerbricks was resulting in op-
erating troubles and loss in capacity, and that practically no infor-
mation was available regarding the principal causes of failure or the
relative value of different types of fireclay bricks. As far as could
be determined at that time, therefore, there were several ways in
which it might be possible to improve the situation, provided that
certain conditions were found to hold, and sufficient information re-
garding causes of failures and properties of available materials could
be obtained. These possible methods of improvement might be classi-
fied as follows:
(1) Changes ini the properties of the fireclay bricks used
(a) Change of type, i. e., structure and chemical composition
(b) Changes in size or shape
(c) Use of specifications and tests designed to eliminate poor
brands
(2) Substitution of other materials for fireclay bricks
(a) Special refractories available commercially
(b) Unusual non-metallics
(c) Special bodies which might be developed
(d) Metals or alloys
(3) Modification of service conditions
(a) Provision of better storage facilities
(b) Use of better oil and fuel
(c) Use of wider spacing, more expansion allowance, fewer
courses
(d) Preheating oil, etc.
(4) Changes in the carburetion process.
In the case of carbureters of the first class (see page 10), in
which the deposition of an asphalt-like material, and not the failure
of the checkerbrick, was responsible for shut-down, it was evident
that some method coming under the head of items (3) or (4) of this
classification had to be employed. A determination of the possibili-
ties of such changes was considered to be outside the field of this
investigation. Several changes of this type were introduced into the
industry while this investigation was in progress, and will be dis-
cussed later.
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In order to find out which of the remaining methods was the most
promising, and to be in a position to apply it effectively, it was neces-
sary to plan the main investigation so that definite information re-
garding causes of failure and properties of available materials woula
be forthcoming. With this in mind, laboratory tests, service tests, and
laboratory investigations were planned. The laboratory tests were
expected to yield information regarding the properties of fireclay
bricks and other bricks which were available for use; the service tests
were initiated for the purpose of obtaining information concerning
the conditions which the checkerbrick had to meet, the relative impor-
tance of the different properties of firebrick, and the important causes
of failure; and the purpose of the laboratory investigations was to
test different theories regarding causes of failure under more closely
controlled conditions than could be obtained in the service tests.
5. Difficulties Encountered.-A checkerbrick in a carbureter is
subjected during each operating cycle to oxidation, reduction, attack
by steam, quenching with oil, attack by slag formed from fuel and
oil ash, erosion by particles of coke, mechanical stresses, and other
destructive agencies. The severity of these influences depends on the
location of the brick in the carbureter, the type of carbureter, the
characteristics of the oil and fuel, operational emergencies, and many
other factors, all of which vary appreciably with time.
The properties of checkerbrick which have an influence on the
length of service include the chemical and mineralogical" composition
of the brick, a quantity difficult to express in less than about ten
variables; the physical structure; the previous manufacturing history;
the physical properties; and other characteristics, most of which
change continually at the temperatures in question.
Any particular checkerbrick selected would be one of a number
of firebrick which are being produced in large quantities and desig-
nated by a particular brand mark. This brand, in turn, would be
one of about 480 brands which are manufactured in the United States
and Canada. Each brand differs from the other brands in a number
of respects and, within each brand, considerable variation in proper-
ties of individual bricks occurs.
Throughout the investigation, therefore, difficulties arising from
the large numbers of factors and sampling operations involved were
encountered frequently. These difficulties have, in general, been met
by the use of modern statistical methods and controls. These have
made it possible to keep sampling and other errors within reasonable
limits, and in addition, to determine the effect of such errors on the
final values, at least approximately.
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Other difficulties of a more particular nature were encountered:
in the case of laboratory tests, several new tests had to be developed;
for the service tests, methods of evaluating the results of reasonably
short tests had to be evolved, and the effect of changes in operating
procedure minimized; and, in carrying out the laboratory investiga-
tions, procedures which permitted the use of a large number of full-
sized bricks had to be worked out.
The materials investigated have been divided, for convenience,
into three groups: fireclay bricks, special refractories, and heat re-
sisting alloys. This classification will be used in the chapters which
follow.
III. INVESTIGATION OF FIRECLAY BRICKS
6. Purpose and Plan of Investigation.-The preliminary investi-
gation showed that inexpensive, stiff-mud, fireclay bricks were not
giving satisfactory service as checkerbrick in carbureters. The pur-
pose of the investigation of fireclay bricks was to determine whether
this situation could be remedied without recourse to materials other
than fireclay, either by using a different type of fireclay brick, or by
eliminating unsuitable brands by means of specifications and tests.
As very little was known about the possibilities of fireclay bricks in
this connection, laboratory tests, laboratory investigations, and service
tests were planned by means of which the necessary data could be
secured.
About 480 brands of fireclay bricks are manufactured in the United
States and Canada, the raw materials and methods of manufacture
being identical for bricks of the same brand. A study of fireclay
bricks, therefore, was essentially a study of these 480 brands. As it
was not practicable to determine the possibilities of all these brands,
a much smaller group had to be selected and used as a sample of the
larger group. In making this selection, a number of types of fireclay
brick were included, special attention being paid to bricks manufac-
tured in and near Illinois, and, in some cases, brands were selected
on the recommendations made by gas or brick manufacturers.
Twenty-one brands of brick were included in the investigation, about
five hundred bricks of each brand being obtained from the manufac-
turers when a complete series of tests was planned.
Tables 1, 2, 3, and 4 contain a summary of the data submitted by
the manufacturers of the brands of bricks which were tested. They give
the manufacture, physical properties, composition of raw materials,
and the chemical analyses of the products, respectively, for the dif-
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ferent brands. Throughout the tables, the brands are designated
by the Roman numerals which will be used in referring to them
in the tables, and in the discussion which follows. To save space the
corresponding data for brands XIV, XX, XXI and XXII, which are
classed as special materials, are included in these tables.
The procedures which had been followed in obtaining the data
given in Tables 1, 2, 3, and 4 were for the most part in conformity
with the standard methods of the American Ceramic Society and the
American Society for Testing Materials. With the exceptions indi-
cated in the footnotes, the linear change on reheating (col. 6, Table 2)
had been obtained by following the procedure indicated in the A. S.
T. M. definition of high-heat-duty firebrick, and the deformation
under load (col. 11, Table 2) by following the A. S. T. M. method
for heavy-duty refractories. The data on spalling (cols. 7-10, Table
2) had been obtained by methods which showed a lack of uniformity,
but which could be divided into two classes: "partial immersion tests,"
similar to the A. S. T. M. tentative method C 38-21T, in which one
end of the brick was heated in a furnace and subsequently immersed
in four inches of water; and "total immersion tests," similar to that
used by the United Gas Improvement Company, in which each brick
was heated uniformly in a furnace and subsequently completely im-
mersed in water. In either case, the data might be reported as the
average loss in weight after a standard number of treatments, the
loss in weight per treatment, or the number of quenchings required
to produce failure.
7. Laboratory Tests.-Since the data which had been submitted
by the manufacturers were incomplete, and since some of the quan-
tities had not been measured under standard conditions, a number of
laboratory tests were made so that rather complete information con-
cerning the properties of the brands of brick under consideration
would be available. These included determinations of transverse
strength, compressive strength, absorption, porosity, iron content
(when not given by the manufacturer), permeability, average weight,
average dimensions, and thermal expansion. The data so obtained
are given in Tables 5, 6, 7, 8, and 9.
The measurements of tranverse strength, compressive strength,
and absorption were made in accordance with the A. S. T. M. methods
for building brick, C 21-20, except that, in the transverse strength
tests, the bricks were broken on edge instead of flat, as it is customary
to place bricks on edge in forming the checkerwork of carbureters.
Convenient and accurate methods for measuring the permeability
to air and the bulk volume of standard straight firebricks were de-
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FIG. 1. THERMAL EXPANSION APPARATUS
veloped and are described in Circular 14* of the Engineering Experi-
ment Station and in the Journal of the American Ceramic Society,t
respectively.
The dimensions of a large number of bricks of each brand were
measured to within one thirty-second of an inch (0.79 mm.) in con-
nection with the strength, permeability, and other tests. These data
were used in calculating the coefficient of variation in width of each
brand of bricks by the usual statistical methods. The greater this
coefficient, the greater is the variation in width of the brand of bricks
in question, and the greater the difficulty encountered in building up
a strong checkerwork.
The thermal expansion data given in Table 9 were obtained by
means of the apparatus shown in Fig. 1, above. In this apparatus,
*"The Measurement of the Permeability of Ceramic Bodies," Univ. of Ill. Eng. Exp. Sta.
Cire. 14, 1926.
t"The Mercury Balance-An Apparatus for Measuring the Bulk Volume of Brick," Journal
of the American Ceramic Society, Vol. 9, No. 5, May, 1926.
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FIG. 2. TYPICAL THERMAL EXPANSION CURVES
specimen A, which is nine inches long and one inch in diameter, was
heated by means of electric furnace C, and dial gauge E was used to
measure the difference between the expansion of the system consist-
ing of specimen A and fused-silica end-pieces BB, and that of the
system composed of water-cooled frame G and water-cooled plate K.
The expansion of the latter system was negligible, so that the expan-
sion of the specimen could be obtained by subtracting the expansion
of the end-pieces from the dial readings. The expansion of the end-
pieces, which was about one-tenth that of the specimen, was deter-
mined in special experiments in which the specimen was replaced by
a fused-silica tube of known expansion. The dial gage was protected
from heat radiation from the furnace by a water-cooled shield F.
The teinperature of the specimen was measured at the top, center,
and bottom by means of multiple thermocouple H, and the values so
obtained used in calculating the average temperature of the specimen,
the indication of the central junction being assigned a weight double
that of the others, because the temperature distribution along the
specimen was usually symmetrical with respect to the center and
approximately linear over each half-length. By filling the space J
between the specimen and the furnace with pure asbestos tape, con-
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TABLE 5
STRENGTH OF FIREBRICKS TESTED
Transverse Strength Compressive Strength
Brand
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI
V,
Average
Modulus
of Rupture
lb. per sq.
in.
710
328
1804
590
1254
432
967
1325
694
1456
843
397
911
2826
740
475
1243
689
730
Size of
Sample*
10
14
15
14
15
20
15
15
18
15
15
19
15
9
10
5
15
20
15
Probable
Error
19
11
36
19
33
19
29
42
28
31
35
16
16
106
36
36
48
29
14
Probable
Error
per cent
±
2.7
3.4
2.0
3.2
2.6
4.3
3.0
3.2
4.0
2.1
4.2
4.1
1.8
3.8
4.9
7.5
3.9
4.2
2.0
Average
Modulus
of Rupture
lb. per sq.
in.
1806
1207
3860
2328
3525
1623
3468
3744
2098
4974
2712
2032
4011
chromite
silica
sillimanite
966 15 24 2.5
1208 15 28 2.3 ....
2236 15 70 3.1
soapstone
974 i 5 68 \ 7.0 .... ..
Size of
Sample*
5
8
8
5
5
10
10
9
7
7
9
9
8
Probable
Error
123
79
310
73
71
147
169
209
137
253
140
124
48
I I I
V., soft-burned bricks of brand V
*i. e., number of specimens tested
vection currents were avoided and sufficient uniformity of temperature
secured, the temperatures of the ends of the specimen being usually
within 10 deg. C. (18 deg. F.) of that of the center.
From the data obtained by means of the thermal expansion ap-
paratus, the percentage thermal expansions of the specimens corre-
sponding to a series of average temperatures were calculated and
plotted to give thermal expansion curves, twenty-four curves being
obtained, most of them in duplicate. The expansion curves for four-
teen brands were similar to curve I, Fig. 2, which is the curve for
brand XIX, and contained two pronounced jogs, one in the neighbor-
hood of 150 deg. C. (302 deg. F.), and another in the vicinity of 575
deg. C. (1067 deg. F.), the portions of the curves between the jogs
showing remarkable linearity. The expansion curves for brands VII
and XIII showed no jog at 575 deg. C. (1067 deg. F.), being similar
to curve II, Fig. 2, which is the curve for brand XIII; brands IV and
VI gave curves showing no jog near 150 deg. C. (302 deg. F.), curve
I
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TABLE 6
STRUCTURE AND COMPOSITION OF FIREBRICKS TESTED
Absorption
Brand
I
II
III
IV
V
VI
VII
VIII
IX
Xx
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI
V.
Size of
Sample*
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
'5
Probable
Error
±
0.1
0.4
0.3
0.2
0.2
0.3
0.2
0.4
0.6
0.4
0.3
0.2
0.1
0.1
0.5
0.3
0.3
0.2
Porosity
Average
per cent
30.9
23.5
14.1
20.6
16.7
23.5
17.1
16.8
21.9
16.5
32.7
23.0
14.8
16.3
21.3
29.6
15.2
20.1
Size of
Sample*
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
Probable
Error
0.1
0.9
0.8
0.2
0.3
0.5
0.4
0.7
1.9
0.8
0.4
0.3
0.1
0.4
1.0
0.4
0.6
n'.
Iron
Content
FesOs
per cent
2.10
2.17
2.28
2.43
2.73
2.60
2.56
2.21
1.17
1.17
2.17
2.12
2.02
1.5
1.1
1.50
2.63
0.57
2 12
chromite
silica
sillimanite
16.6 5 0.3 34.0 5 0.5 1.01
6.5 5 0.2 15.0 5 0.3 2.42
7.0 5 0.3 16.1 5 0.8 0.57
soapstone
soft-burned bricks of brand V
*i. e., number of bricks tested
III, Fig. 2, being that for brand VI; and the curves for brands XVIII
and XXII showed no jogs and departed somewhat from linearity,
which is illustrated by curve IV, Fig. 2, which is the curve for brand
XVIII.
For each brand the average percentage expansion for the range
340 deg. C. to 1030 deg. C. (644 deg. F. to 1886 deg. F.) was calcu-
lated, the values so obtained being reported in Table 9. As will be
shown later, this temperature interval corresponds to the maximum
temperature fluctuations occurring in the top courses of checkerbrick
in Champaign.
The jogs in the expansion curves in the neighborhood of 575 deg.
C. (1067 deg. F.) are due to the transformation of quartz from the
alpha to the beta form. For each brand, the percentage expansion
which could be attributed to this inversion was determined by pro-
ducing the linear portions of the expansion curve until they inter-
cepted the ordinate for 575 deg. C. (1067 deg. F.), finding the per-
centage expansions on the scale of ordinates corresponding to these
Average
per cent
16.6
11.8
6.4
10.3
7.7
11.7
7.8
7.5
10.1
7.5
18.0
11.4
6.5
6.7
10.3
16.1
6.8
9.8 0. 6 1
24 ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 7
TEXTURE AND WEIGHT OF FIREBRICKS TESTED
Permeability
Size of
Samplet
10
8
10
9
10
10
10
10
10
10
9
10
10
7
9
10
10
1
10
Probable
Error
2.1
0.06
0.041
0.23
0.017
0.21
0.35
0.12
0.24
0.029
0.033
0.065
0.008
0.028
0.10
0.16
0.041
0.2a5
Texture
Coefficient
of Texture
89.6
58.2
21.0
35.0
20.1
42.8
55.2
27.9
35.3
15.7
11.0
29.7
13.5
11.4
26.4
26.1
18.1
49 9
Probable
Error
+
3.8
1.2
0.9
1.6
0.3
1.1
2.0
9.6
2.2
0.7
0.5
0.5
0.2
1.0
1.1
1.1
0.8
0.2
Weight
Average Size of
Weight Samplet
lb.
6.8 5
7.0 5
7.7 5
7.1 5
7.5 5
7.0 5
7.4 5
7.3 5
7.VU 5
7.6 5
6.6 5
6.9 5
7.9 5
8.6 5
7.0 5
6.6 5
7.4 5
7.5 5
7.2 5
Brand
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI
V,
*Cubic centimeters of air flowing through a standard straight brick parallel to its 21 in. di-
mension due to a pressure difference of 1 cm. water.
ti. e., number of bricks tested
intersections, and calculating their differences. These values are given
in Table 9.
The results which were obtained in the laboratory tests, and which
have been described in the foregoing, were used in calculating other
quantities which are reported in Tables 5, 6, 7, 8, and 9. -The coeffi-
cient of texture of a firebrick, Table 7, was defined as one hundred
times the square root of the ratio between its permeability and
porosity. If the pores in a firebrick were considered to be simple
tubes of uniform bore perpendicular to the faces of the bricks and
Poiseulle's law assumed to be applicable, the coefficient of texture
would be proportional to the diameter of such ideal pores. A high
value of this coefficient indicates a coarse-grained texture. The poros-
ity, Table 6, was calculated from the absorption and bulk volume
measurements, assuming that the water used in the absorption meas-
urements completely filled the pores in the bricks. The stoutness,
Table 8, was obtained by dividing the transverse strength by the
Average*
cc/sec/cm
24.9
7.97
0.624
2.53
0.677
4.32
5.21
1.31
2.73
0.407
0.389
2.03
0.268
0.168
1.48
2.01
0.498
3 x 102
5 00
chromite 10.8 5
silica
sillimanite
1.48 10 0.10 20.9 0.7 7.1 5
1.24 9 0.10 28.6 3.4 7.7 5
13.3 10 0.9 90.0 3.7 8.0 1 5
soapstone
soft-burned bricks of brand V 7.5
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Brand
IV
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI
V,
*i. e.,
weight and served as an indication of ability to withstand rough
handling; the deviation from standard volume, reported in the same
table, was calculated from the bulk volume measurements.
For each of the quantities reported in Tables 5, 6, 7, 8, and 9, as
in the tables which follow, the average value for each brand is given,
and, in addition, the size of sample or number of specimens used, and
the probable error of the average value calculated in accordance with
"Student's Small Sample Theory."* This probable error gives the
range on either side of the true mean value within which half of a
large number of similarly obtained averages would be expected to
fall, assuming that such averages were distributed normally or ap-
proximately so. This assumption had more than usual validity in the
cases considered because the bricks of each brand were manufactured
in very large quantities from raw materials which were thoroughly
mixed, and by methods which were designed to produce uniformity of
product, the variations in the properties of the bricks being due, for
*Biometrika, 6, 1-15, 1908; ibid., 416-417, 1917.
TABLE 8
SIZE AND STOUTNESS OF FIREBRICKS TESTED
Deviation from Standard Volume Variation in Width Stoutness
Probable Probable Trans-
Average Size of Error Coefficient Size of Error verse
Sample* of. Sample* Strength
per cent ± Variation ± + Weight
+0.20 5 0.20 0.79 20 0.08 104
-4.77 5 0.27 0.75 35 0.06 47
-4.00 5 0.44 0.71 25 0.07 234
-6.07 5 0.48 1.30 26 0.12 83
-6.92 5 0.50 0.72 25 0.07 165
-4.82 5 0.40 0.92 30 0.08 62
-6.89 5 0.64 1.21 26 0.11 131
-8.91 5 0.66 2.12 26 0.20 182
-6.89 5 0.64 1.54 31 0.13 99
-7.86 5 0.50 0.79 25 0.07 192
-1.5 5 1.1 1.23 25 0.12 128
-7.97 5 0.37 0.73 30 0.06 58
-7.40 5 0.33 0.79 24 0.08 115
-2.95 5 0.30 0.41 20 0.04 329
-9.12 5 0.25 0.66 20 0.07 106
-2.89 5 0.68 0.84 15 0.10 72
-9.18 5 0.42 0.61 20 0.07 168
... 1.15 20 0.12 82
-4.2 '5 1.6 0.97 25 0.09 101
chromite
silica
sillimanite
-4.37 5 0.48 0.49 25 0.05 136
-7.27 5 0.61 1.07 25 0.10 157
-4.31 5 0.41 0.61 25 0.06 280
soapstone
soft-burned bricks of brand V 130
number of bricks tested
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TABLE 9
THERMAL EXPANSION OF FIREBRICKS TESTED
Brand
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XXIII
XXIV
Thermal Expansion
Average*
Expansion for
Range 3400 C.
10300 C.
(644°-1886o F.)
per cent
0.359
0.349
0.382
0.287
0.361
0.392
0.394
0.338
0.399
0.249 •
0.345
0.396
0.397
0.359
0.359
0.365
0.281
0.404
0.546
0.381
Number of
Specimens
Number of
Measure-
ments
Inversion
Averaget
Expansion
Occurring at
5750 C.
(10670 F.)
per cent
0.013
0.022
0.009
0.008
0.046
0.026
0.003
0.013
0.013
0.008
0.043
0.032
0.004
0.021
0.100
0.027
0.000
0.040
0.000
0.036
*Percentage of length at 3400 C., aver. p. e. of measurement =
sampling = ± 0.007, total aver. p. e. = ± 0.010
tPercentage of length at 250 C., aver. p. e. of measurement =
sampling = ± 0.007, total aver. p. e. = ± 0.007
Number of
Specimens
Number of
Measure-
ments
± 0.007, aver. p. e. of
± 0.002, aver. p. e. of
the most part, to a large number of independent causes. Also, in a
few cases in which a large number of measurements were available,
approximately normal distributions were found.
In calculating the average values of the permeabilities and trans-
verse strengths, Chauvenet's Criterion* was used in discarding dis-
cordant measurements so as to prevent occasional exceptionally high
or exceptionally low values from having a disproportionate effect on
the values obtained for the averages. In all but a few cases the ob-
served values came within the limits set by the criterion.
In the case of the transverse strength measurements large enough
samples were used to bring the probable error to approximately four
per cent or less for the brands which were to be given complete tests.
In calculating the probable errors of the values for the coefficients
of texture, Table 7, the usual formula for the propagation of errors
was used, as it was considered sufficiently applicable to give at least
approximate values.
"Consult texts on "Theory of Measurements" and Bulletin 7, Maine Technology Experi-
ment Station, University of Maine, Orono, Maine.
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The probable errors of the thermal expansion data given in the
footnotes of Table 9, were based on the results of duplicate measure-
ments, and on the measurements of six specimens of brand XI cut
from different bricks.
8. Laboratory Investigations.-The primary object of the labora-
tory investigations was to test different theories regarding the cause
of failure of checkerbrick in carbureters by means of experiments
which could be controlled more closely than the service tests; the
secondary object was to develop procedures which could be used in
testing firebrick to determine their usefulness in carbureters. The
following alleged causes of failure, which were suggested by the out-
come of the preliminary investigation and the initial service tests,
were considered worthy of experimental study: the action of reducing
gases, the action of steam, the formation of black cores, and fluctua-
tions in temperature.
The preliminary investigation had shown that, under certain con-
ditions, reducing gases caused disintegration of firebrick by the depo-
sition of finely divided carbon in the pores of the brick under the
catalytic action of some particles of iron present as impurities, but
that there was some reason to believe that this phenomenon did not
take place readily at temperatures above 550 deg. C., (1022 deg. F.).
To obtain more definite information on this score, specimens of fire-
clay brick were packed in coke, heated to either 550 deg. C. (1022
deg. F.) or 1100 deg. C. (2012 deg. F.), and treated with illuminating
gas, the average strength of such specimens, when cooled, being com-
pared with that of similar specimens which had been subjected to the
same heat treatment under oxidizing conditions.
In three preliminary experiments, specimens consisting of small
briquets cut from bricks were used, eight brands of brick being tested
in this way. It was found that sampling errors were so great that the
results were not very significant, although they showed that definite
disintegration took place at 550 deg. C. (1022 deg. F.), and showed
no indication of this effect at 1100 deg. C. (2012 deg. F.).
In the final experiments, whole bricks of three different brands
were used as specimens, larger samples were employed, and more
significant results were obtained. For each brand sixty bricks were
taken at random and divided into three samples of twenty. One
sample was heated at 1125 deg. C. (2057 deg. F.) for ten hours, an-
other sample was packed in coke and treated with illuminating gas
at 1100 deg. C. (2012 deg. F.) for fifty hours, and the third sample
was subjected to the action of illuminating gas at 550 deg. C. (1022
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deg. F.) for sixty-nine hours. The average transverse strengths of
these samples were then determined and are given in Table 10. The
figures show that no significant decrease in strength due to the
action of reducing gases at 1100 deg. C. (2012 deg. F.) was found,
but that quite significant decreases in strength due to reduction at
550 deg. C. (1022 deg. F.) were found for brands VIII and XIII. It
is worthy of note that, although brands VIII and XIII were evidently
much more susceptible to attack by reducing gases than brand V,
their iron content was lower, (see Table 6) and, in service tests, as
will be shown later, they gave better service than brand V.
In Table 10, and some of the tables which follow, the numbers
in the column headed P indicate the significance of the reported val-
ues, and are equal to the number of times in one hundred trials that
values equal to or greater than those reported might have arisen
solely from errors of sampling or measurement. In other words, P
is one hundred times the probability that the reported values arose
from chance. This probability was calculated by Fisher's* method
of application of "Student's Small Sample Theory."
It is worthy of note that whenever actual disintegration of the
bricks took place in the experiments, there was definite evidence of
deposition of carbon at the "iron spots," which became centers from
which cracks radiated. Checkerbrick which had been disintegrated
in carbureters did not have this appearance.
The preliminary investigation had shown that, during the last
10 to 30 seconds of a run, the concentration of steam in a carbureter
was occasionally as high as 75 per cent by volume, that several opera-
tors considered this an important cause of failure, and that there
were occasional references in the ceramic literature to the "strong
softening action of steam."t
To determine whether or not steam was an important cause of
failure a series of experiments similar to the final series with reduc-
ing gases was carried out. Twenty bricks of each of three brands
were heated to 1100 deg. C. (2012 deg. F.) and treated with steam
at the same temperature for 10 hours; in this time the bricks were
subjected to the amount of steaming which they would ordinarily
encounter in about 100 operating hours in a carbureter. Similar
samples were given the same heat treatment, the introduction of
steam being omitted, so that they served as parallels. The more im-
portant results obtained are given in Table 11. An examination of
*"Statistical Methods for Research Workers," R. A. Fisher, Oliver and Boyd, London, 1925.
te. g., Searles, A. B., "Refractory Materials, Their Manufacture and Uses," p. 299, Lon-
don, Charles Griffin and Co., Ltd., 1924.
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TABLE 11
EFFECT OF STEAM AT 1100 DEG. C. ON TRANSVERSE
STRENGTH OF FIREBRICK
Data obtained from laboratory investigations
Brand
V
XII
(without criterion)
ITTT
Transverse
Strength of
Bricks,
Reheated
11000 C.
(20120 F.)
Average
Modulus of
Rupture
lb. per sq. in.
1032.8
375.6
410.2
(without criterion) 716.2
Transverse
Strength of
Bricks,
Steamed
11000 C.
(20120 F.)
Average
Modulus of
Rupture
lb. per sq. in.
1109.4
380.2
403.2
662.5
687.7
Difference
Per Cent of
Modulus of
Rupture Re-
heated Bricks
+7.4
+1.2
-1.7
-2.7
-4.0
Pt
62
88
89
68
63
Per Cent
Decrease*
in Service
Tests
87.0
75.0
45.0
*For the number of operating hours equivalent to the "steaming" period used in the labor-
atory experiments.
tP gives the number of times in 100 trials that differences equal to or greater than those re-
ported may be expected to arise solely from errors in sampling and measurement.
this table will show that the observed differences in transverse
strength were very small, were as apt to be positive as negative, were
not significant, and were negligible in comparison with the decreases
in strength which occurred in 100 operating hours in service, and
which are reported in the last column of the table.
An examination of a large number of bricks which had been used
in carbureters failed to show any relation between the strengths of
the individual bricks of a brand and the extent to which their interiors
were blackened. On examining a number of brands of brick it was
found that there was some relation between the decrease in strength
in service and the size of the black cores. Brand XIII, however,
provided a decided exception to this rule, and in many cases the rela-
tionship was doubtful. Later experiments in which black-cored bricks
were oxidized in the laboratory, and further examination of the forms
of the black cores in used bricks, led to the conclusion that all check-
erbricks were decidedly black-cored when they were in actual use in
a carbureter, the differences between bricks after their withdrawal
depending wholly on the amount of oxidation taking place during the
cooling of the carbureter, the more permeable bricks being oxidized
to a greater depth. The extent to which used bricks were black-cored,
therefore, served only as a rough indication of the permeability of the
bricks in the used condition.
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FIG. 3. FLUCTUATIONS IN TEMPERATURE, TOP COURSE, WEST
CARBURETER, CHAMPAIGN
The fluctuations in temperature in a carbureter due.to the quench-
ing action of the oil introduced during a run appeared to be a very
likely cause of failure. To determine the importance of this measure-
ments were made of the extent and rapidity of the temperature
changes which occurred in carbureters under actual operating condi-
tions, and also of the effect of temperature fluctuations on the strength
of fireclay bricks.
In the first experiments a practically continuous record of the
temperature in the center of the top courses of the west carbureter in
Champaign was obtained during several periods of actual operation
by the use of chromel-alumel thermocouples made of No. 22 wire
(0.64 mm. diam.), and fitted with iron protection tubes which were
arranged so that at the hot junction three inches of the thermocouple
were exposed. The couples were calibrated before and after a meas-
urement, and corrections were applied for deterioration due to the
effect of reducing gases, as it was found that, after an hour's use, the
indications of the thermocouples were about 4 per cent too low. The
corrected values were probably accurate to within 10 deg. C. (18 deg.
F.). In one case the hot junction was protected by means of a thin
fused-silica tube closed at one end.
It was found that the minimum and maximum temperatures for
the different cycles were approximately constant during one day,
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FIG. 4. THERMAL SHOCK APPARATUS
but varied from day to day. A brief summary of the measurements
follows:
TEMPERATURES IN DEGREES CENTIGRADE
Aver. Aver. Period of
Minimum Maximum Average Observation(minutes)
Sept. 30, 1926 ...... 296 910 455 9
Oct. 6, 1926 ........ 475 1070 714 56
Oct. 8, 1926 ........ 267 1093 645 42
Oct. 18, 1926....... 315 1045 615 66
Average....... 338 1030 607
The rapidity of the temperature fluctuations is shown by Fig. 3,
in which the corrected temperature readings for two typical cycles of
operations are plotted. It will be seen that the temperature fluctua-
tions are very rapid, temperature changes of nearly 700 deg. C. (1260
deg. F.) occurring within less than a minute at the commencement of
each run.
In a second series of experiments specimens of different brands
of brick were subjected to repeated stresses similar to those produced
by temperature changes in a carbureter, and the change in strength
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TABLE 12
EFFECT OF TEMPERATURE FLUCTUATIONS ON TRANSVERSE
STRENGTH OF FIREBRICK
Data obtained from laboratory investigations
Transverse Strength of
Untreated Whole Bricks
Average Per Cent
Modulus of Probable
Rupture Error
lb. per sq. in. ±
710 2.7
328 3.4
1804 2.0
590 3.2
1254 2.6
432 4.3
967 3.0
1325 3.2
694 4.0
1456 '2.1
843 4.2
397 4.1
911 1.8
2826 3.8
740 4.9
475 7.5
1243 3.9
689 4.2
Transverse Strength of
Treated Whole Bricks
Average
Modulus of
Rupture
lb. per sq. in,
415
329
814
438
699
336
527
866
565
777
577
325
790
1100
819
155
Per Cent
Probable
Error
0.8
2.9
4.0
4.4
3.0
2.2
4.6
3.7
3.3
3.0
3.6
3.5
4.2
5.3
5.0
5.3
*V., soft-burned bricks of brand V
thus produced was measured. By means of a special apparatus a
firebrick, initially at a uniform temperature of 1100 deg. C. (2012
deg. F.) could be subjected to sudden cooling by an air blast over an
area 4 in. x 2% in., the central portion of one 21/2 in. x 9 in. face, the
remaining surface of the brick being protected by heat insulating
brick. In this way, temperature distributions could be produced
which were similar to those in a checkerbrick during the gas-making
period.
Figure 4 shows a diagram of the apparatus which was used. The
test bricks T were heated in the furnace until they reached a uniform
temperature of 1100 deg. C. (2012 deg. F.), were transferred by means
of the fork to the cooling platform in front of the furnace, protected
by insulating brick I, and were then cooled for four minutes by a
stream of air from the fan. They were then put in the furnace. The
furnace was regulated so that at the end of six minutes the bricks
Per Cent
Decrease
in Strength
Brand
I
II
III
IV
ViVI
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI
V.*
Probable
Error of
Per Cent
Decrease
±
1.7
4.5
2.0
4.0
2.2
3.8
3.0
3.2
4.2
2.0
3.8
4.4
4.0
2.5
4.1
1.5
I
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had again reached a uniform temperature of 1100 deg. C. (2012 deg.
F.), and the cooling operation was repeated. The cooling platform
is also shown in section in Fig. 4. It will be seen that only the cen-
tral portions of the lower surfaces of the test brick were cooled by
the air blast.
After the test bricks had been subjected to ten complete cycles
of heating and cooling, they were allowed to cool slowly to room
temperature and their transverse strengths were determined. The
average transverse strength of the bricks of each brand, so treated,
was calculated, and also the percentage decrease in strength, using
the values for the average transverse strengths of untreated bricks
given in Table 5. In the case of most of the brands enough specimens
were used to bring the probable error of the average below four per
cent. The results secured from these experiments are reported in
Table 12. It will be seen that the decrease in strength for the differ-
ent brands varies from about 85 per cent to practically zero, and that
the probable errors of the percentage decreases are generally below
± 4.0. When it is considered that these decreases in strength were
the result of only ten fluctuations in temperature and that fluctuations
in. temperature occur about every four minutes in a carbureter, it is
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evident that the temperature fluctuations are an important cause of
failure.
9. Service Tests.-The object of the service tests was to secure
reliable service data by subjecting a number of brands of fireclay
brick to actual carbureter conditions and determining their relative
powers of resistance. Two carbureters in the Champaign plant of the
Illinois Power and Light Corporation, which were carbureters of the
second class, were used in the Champaign service tests, and seven
carbureters in the Crawford Avenue Plant of the Chicago By-
Products Coke Company, which belonged to the third class (see p. 10),
were used in the Chicago service tests. In every case they formed
part of three-shell carbureted water-gas sets, which were usually
constructed as shown in Figs. 5 and 6, the Champaign carbureters
having about 75 checkerbrick per course, and the Chicago carbureters
about 150. In sixteen service tests made in Champaign twenty-two
brands of brick were tested, duplicate tests being made in the case
of four brands, and in fourteen tests made in Chicago sixteen brands
were tested, duplicate tests being made in four cases and triplicate
tests in three cases. As the severity of the conditions in the carbu-
reters varied from test to test, samples of bricks of brand V, hereafter
called "the control brand," were included in all the tests and used
as parallels.
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FIG. 7. TOP COURSE, TEST No. 6, CHAMPAIGN
In a typical service test in Champaign fifty bricks of each of
three brands, one of which was in all cases the control brand, were
used in constructing the two upper courses of the checkerwork in a
carbureter, the bricks of the different brands being distributed in such
a way that each brand received the same treatment, a cyclic order of
placing, i. e., ABC, BCA, CAB, ABC, etc., being found very effective.
After a heating-up period of about three days, the carbureter was put
into operation and used in the commercial production of carbureted
water-gas. The test continued until the machine was again removed
from service for a long enough time to permit the removal and re-
placement of the test brick, the usual cooling period lasting five days.
Throughout the tests an accurate record was made of the more perti-
nent operating data, the initial appearance and dimensions of each
test brick, its position in the carbureter, and its final appearance,
dimensions, and transverse strength. After removal from the carbu-
reter the test bricks were arranged in the same relative positions that
they had occupied in the carbureters, and photographs were taken.
Separate photographs were made of bricks representing the "average"
and "typical failure" conditions for each brand. Figures 7, 8, and 9
are from photographs of a typical test in Champaign.
The same general procedure was followed in the Chicago service
tests, but larger numbers of bricks were used, and the test bricks were
placed in the third and fourth courses from the top, so that they
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FIG. 8. AVERAGE CONDITIONS, TEST No. 6, CHAMPAIGN
would not be completely disintegrated, and also in the lower courses
of the carbureters, since the practice of recheckering the whole car-
bureter at each shut-down permitted their removal within a reason-
able time.
Since the service tests were made in carbureters which were be-
ing used for the commercial production of gas, and since their dura-
tion was not determined by the life of the checkerwork but was gen-
erally much shorter, it was necessary to devise an indirect method for
determining the relative resistance shown by the different brands in
the tests. In doing this two modes of deterioration were recognized:
"body deterioration," which involved cracking and disintegration into
a number of fragments, and is the more objectionable of the two, as
the fragments clog the passages in the lower courses of the checker-
work; and "surface deterioration," which resulted in a bloated,
cracked, or pitted surface to which asphalt and slag adhered readily.
Three methods, called A, B, and C, were used for determining
body deterioration. By means of method A the percentage of the
bricks of a brand which were broken in a test was determined. By
method B the bricks of each brand after a test were divided into the
four categories, "good," "fair," "poor," and "bad." The categories were
defined by means of photographs and assigned the arbitrary values 4,
3, 2, and 1, respectively, and the average for each brand was calcu-
lated. By method C, the percentage decrease in average transverse
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FIG. 9. TYPICAL FAILURES, TEST No. 6, CHAMPAIGN
strength was determined for each brand, the values obtained in the
laboratory tests, Table 5, being used for the average strengths of the
untested bricks. Regardless of the method used, the final value for
each brand in a test was obtained by multiplying its rating for the
test by the ratio between the average rating of the control brand in
all the tests and its rating in the test in question. The value, as ob-
tained, was called the "equivalent rating" of the brand, and was to a
considerable extent independent of variations in the severity of the
tests.
In actual practice it was found that method C, which depended
on the calculation of the "equivalent percentage decrease in strength,"
was by far the most satisfactory. Sufficient accuracy could not be
secured with method A, as it was impossible to include enough bricks
in the tests to overcome the disadvantages of using only two cate-
gories, and the effect of variation in the severity of the tests. Method
B was found to give misleading results in cases where surface deteri-
oration was pronounced, and had the disadvantage of requiring an
arbitrary rating system. Method C was to a considerable extent free
from such disadvantages. While it did not distinguish between whole
bricks whose strength was too small to be measured on the testing
machine (less than about 90 lb. per sq. in.), bricks broken into two
pieces, and bricks which had crumbled into a number of fragments,
this was not found to be a serious drawback when large samples were
used. The bricks of one or two brands tended to hold together even
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TABLE 13
BODY DETERIORATION OP FIREBRICK IN SERVICE TESTS-
CHAMPAIGN TESTS
I
II
II (duplicate)
III
IV
V
VI**
VI
VII
VIII
VIII (duplicate)
IX
X
XI
XII
XII (duplicate)
XIII
XIII (duplicate)
XV
XVI
XVII
XVIII
XIX
XXIII
XXIV
XXV
6
5
12
5
1
all
(average)
11
2
2
1
8
3
3
4
4
12
6
9
9
13
10
10
11 I
No. of
Test
Bricks
30
51
12
50
43
43
39
43
43
44
38
45
41
42
42
40
57
43
20
21
43
42ii °914 42
14 37
17 23
Equivalent Rating*
Brand Test
157.5§ ....
Method Bt Method
2.33
2.16
2.16
2.12
2.17
2.23
2.55
1.16
2.62
2.31
2.98
2.32
2.29
1.78
3.35
2.39
3.01
2.70
2.85
3.00
2.55
1.76
3.11
2.70
2.68
93.9
61.1
72.4
94.2
86.7
93.0
90.9
79.9
80.3
83.0
84.5
84.2
89.8
94.7
69.5
75.4
67.4
74.0
76.8
78.3
84.6
98.8
79.8
85.4
77.5
116.1
*Calculated to basis of following ratings for check brand V
Method A-45%; B-2.23; C-93.0%
tPer cent broken
:Arbitrary scale (see Section 9, p. 37)
¶Per cent decrease in strength
§Values above 100 are not impossible as these values give the equivalent rating (see
Section 9, p. 38)
**Soft-burned bricks of brand V
when they had lost a considerable proportion of their transverse
strength, and in this way were more useful than their C ratings would
indicate. This effect was not very pronounced, however, as a check-
erbrick in a carbureter, unlike a brick forming part of a wall, is prac-
tically unsupported on four sides, and, when once badly cracked, is
forced apart readily by the rush of gases, the deposition of dust, and
other agencies.
It was not found practicable to devise a strictly quantitative
method for determining the amount of surface deterioration which a
brand of brick suffered during a test. A method similar to method B
was therefore adopted, the surfaces of a number of bricks of the brand
in question which had been in a test being compared with those of
the control brand in the same test and then assigned one of the fol-
lowing grades:
Grade A-Surface deterioration negligible
*Grade B-Surface deterioration noticeable
Method Af
per cent
63.6
24.4
42.9
45.9
42.2
45.0
39.6
22.4
27.0
3.8
24.8
18.4
23.6
67.5
22.5
38.6
13.8
25.7
20.7
18.0
31.4
68.6
25.2
27.9
29.2
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TABLE 14
CHANGE IN LENGTH AND SURFACE DETERIORATION OF FIREBRICK
IN SERVICE TESTS-CHAMPAIGN TESTS
Brand
I
II
II (duplicate)
III
IV
V
V,t
VI
VII
VIII
VIII (duplicate)
IX
X
XI
XII
XII (duplicate)
XIII
XIII (duplicate)
XV
XVI
XVII
XVIII
XIX
XXIII
XXIV
XXV
Test
6
5
12
5
1
all
11
2
2
1
8
3
3
4
4
12
6
9
9
13
10
10
11
14
14
17
Equivalent Change in
Length
per cent
+0.14
+0.03
+0.02
+0.01
+0.30
+60.57
+0.16
+0.07
+0.04
-0.36
+0.38
+1.30
+0.59
+6 .'040.02
+0.04
+0.10
+60.40i6
+
0
.
32
*
Equivalent Sur-
face Deterioration
grade
B
C
C
A
D
A
A
E
B
A
A
B
A
C
B
B
A
A
B
B
A
A
B
A
A
A
*These are actual changes, not equivalent
tSoft-burned bricks of brand V
Grade C-Surface deterioration important
Grade D-Surface deterioration pronounced, noticeable bloating
Grade E-Surface deterioration pronounced, pronounced bloating
In assigning grades, the photographs taken at the end of each test
were found to be very useful.
The results obtained from the service tests were entered on forms
similar to that shown on page 43, which gives the results for test
No. 6, Champaign, the corresponding photographs being reproduced
in Figs. 7, 8, and 9.
In the Champaign tests the properties of the oil used did not
vary appreciably during the tests, the principal variations being in
the duration of the tests, the operating temperatures, and the generator
fuel. Changes in the operating temperatures and generator fuel caused
changes in the severity of the conditions producing surface deteriora-
tion, test No. 4 being particularly severe in this respect, but such
changes were not frequent. The Chicago tests were more nearly uni-
form in respect to duration and generator fuel, but in other respects
were not so nearly uniform, especially in the amount of carbon-slag
deposition from the oil. In some tests as much as eight inches (about
20 cm.) of an asphalt-like material was deposited on the checkerwork,
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TABLE 15
OPERATING DATA FOR CHAMPAIGN SERVICE TESTS OF FIREBRICK
No. of Gas Pro-Test Starting Durnationn Net Oil TTUsed i ...; I d ..-
Number date days
1925
1 June 30 20
2 July 20 19
3 Aug. 9 16
4 Aug. 25 22
5 Sept. 16 32
6 Oct. 1 31
7 Nov. 1 47
8 Nov. 14 95
1926
9 Jan. 7 121
10 Feb. 23 16
11 Mar 15 41
12 May 8 16
13 May24 11
14 July 31 25
15 Aug. 25 4
16 Aug. 29 16
17 Sept. 6 2
pera ngOperating thousands of Cycles in
Hours gallons
34.6
37.5
30.5
43.8
67.1
59.4
66.4
170.7
121.5
42.2
87.3
50.8
32.2
51.9
12.0
194.1
4.9
Thousands
3.1
3.4
2.5
3.1
5.1
4.3
5.8
15.0
9.0
2.9
7.7
4.2
3.0
4.9
1.0
15.5
0.4
220
240
183
246
382
342
441
1120
644
468
550
288
180
333
77
1170
34
U. u. per ueeu
cu. ft. millions of
(average) cu. ft.
566
564
563
569
571
556
566
569
572
570
573
567
566
571
565
564
566
11.2
11.6
9.5
13.4
19.1
17.9
19.3
54.1
32.0
12.8
28.3
15.4
9.7
17.9
4.0
57.9
1.7
General Data:-Boone County, West Virginia coal was used for generator fuel in tests 1-3,5-6, and 10-17, inclusive. Coke was used in test 4. West Virginia coal was used three-fourths of, the
time in tests 7 and 9, half the time in test 8, and for the remainder of these tests Illinois coal was used.Oil was delivered to Manly spray at average temperature of 600 F. and at 40 lb. pressure and
was discharged at the rate of 5 gal. per min. during the run. The oil nozzle was purged with steam
after each run. The oil used was 320-36° Be. straight run gas oil from the Oklahoma field. The distancefrom the oil nozzle to the checker work was 3' 5" and from the oil nozzle to the crown was 2' 8". There
were 17 courses in the checkerwork.
About 3 days were taken to heat up and to cool down a machine. The operating cycle was1 min. 20 sec. blow, 1 min. 20 sec. direct run, and 1 min. 20 sec. reverse run. The blast pressure was25 in. of water under the grates.
The East Machine was installed in 1919 and the West Machine in 1922.
in other cases, only a relatively thin coating. The following table will
show the variations in severity which were encountered.
Approx. Size Total No Position of Per cent Decrease
Test of Sample of Courses Test Brick in Strength of(No. bricks) ourses (courses) Control Brand
1 40 18 3 and 4 failure, asphalt
2 30 18 3 and 4 96.8
3 30 18 3 and 4 97.6
4 30 18 3 and 4 94.1
5 40 18 5 and 6 81.8
6 40 18 4 and 5 89.5
7 40 18 4 and 5 bricks lost
in asphalt
8 40 18 4 and 5 bricks lost
in asphalt
9 100 12 3 and 4 failure
10 100 12 3 and 4 92.1
11 100 12 3 and 4 94.8
12 100 12 3 and 4 87.2
13 100 12 3 and 4 89.1
14 100 12 3 and 4 88.6
In test No. 9 asphalt deposition was so severe that a night-shift in an emer-
gency was obliged to tear out the checkerwork, destroying the test bricks.
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TABLE 16
BODY DETERIORATION OF FIREBRICK IN SERVICE TESTS-
CHICAGO TESTS
Brand
II
II (duplicate)
III
III (duplicate)
IV
V
VI
VI (duplicate)
VII
VIII
IX
X
X (duplicate)
X (triplicate
XI
XII
XII (duplicate)
XII (triplicate)
XIII
XIII (duplicate)
XIII (triplicate)
XVIII
XVIII (duplicate)
XIX
XXIII
XXIV
Test
6
11
6
14
3
all
1
5
3
2
4
4
8
14
7
5
8
11
7
9
12
9
12
10
13
13
Number of Test
Brick
top
40
86
40
94
31
63
40
86
31
29
31
31
40
95
40
40
40
88
40
97
96
97
97
96
70
67
bottom
0
10
0
11
9
10
11
0
9
11
9
9
0
9
0
0
0
10
0
10
10
10
10
10
7
11
Equivalent Rating*
Method At
per cent
16.7
11.8
40.5
27.0
13.5
6.8
12.3
17.2
16.7
13.8
8.8
27.4
9.9
9.4
Method C (per cent)$
top bottom
34.5
66.1 27.1
89.0
90.8 80.1
90.9 60.4
91.0 80.0
65.4 ....
84.3 51.1
85.4 62.3
89.3 45.0
93.2 71.0
86.8 60.5
65.7 22.6
67.8 15.9
96.5 88.2
72.1 56.0
89.0 39.3
74.6 52.4
*Calculated to basis of following rating for brand V:-
Method A = 27.0%; Method C, top = 91.0%; bottom = 80.0%
TPer cent broken
Per cent decrease in strength
A summary of the results obtained from the service tests of fire-
clay bricks is given in Tables 13, 14, 15, 16, 17, and 18. Tables 13,
14, and 15 summarize the data pertaining to the body deterioration,
change in length, and surface deterioration and operation, respectively,
for the Champaign service tests, Tables 16 and 17 those pertaining to
body deterioration and operation for the Chicago tests; and Table 18
affords a comparison of the duration of the tests and the correspond-
ing decrease in strength of the control brand for the Champaign and
Chicago tests.
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Test No. 6 Machine - /eTIN
SETTING
Transverse Strength Length
NO.
Set Aver. Probable Aver. Size of
M.of R. Error + (inches) Sample
Brand 7 49 /Z4 J33 6.67 &
Brand I 3J 7/0 /9 9/2 /14
Brand . =577 9/1 /V" 6., 47
Brand
Courses Set - A/st add Second Total Courses - /7
Method of Placing - /8o0/'t / Expansion Allowance - ppror.
OPERATION
Dates - O/. /-A/or./, /925- Generator Fuel - Wefs VI Coa/
Net Operating Hours - 342 Carbureter Oil - /eu/ar oc/A
Operating Cycle blow run
/,,/,?- 2Oec,. 2Fw/,.-~4Osec.
REMOVAL
Condition of Checkerwork - Coke p//ed eo opl2os/t //7/e/
Method Method A Method B Method C
Broken Good Fair Poor Bad Aver. M.of R.Brand 1 24 5 /Z 9 23 77
Brand I /7 2 // 4 /3 37
Brand 2Z 7 7 3/ /2 7 29/
Brand
Rating* A B C Aver. Change Surface Deterioration
-% in Length % GradeBrand 7 49.0 /.98 .93.9 +0.4Z A
Brand Z 66.7 2.07 94.8 +0.ZO 8
Brand Z /2.3 2.67 618./ +0.03 ABrand
SUMMARY
Equivalent A B 0 Change in Surface DeteriorationRating* Langth rad
Brand 7 4•-.0 2.3 93. 0 0.30 '
Brand r .636 Z33 93. +0./4 B
Brand 7T /3.8 3.0/ 674 +0.OZ
Brand
*A Broken, B = Arbitrary Scale, C = Decrease in Strength
REMARKS
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TABLE 17
OPERATING DATA FOR CHICAGO SERVICE TESTS OF FIREBRICK
Test
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Starting
date
1925
June 30
July 14
July 18
July 31
Sept. 3
Sept. 17
Oct. 6
Oct. 22
1926
Feb. 2
Feb. 19
Feb. 26
Apr. 7
May 14
June 23
Duration
days
47
56
59
43
32
25
25
28
28
28
32
38
37
Net Oper- Oil Used
ating thousands
Hours of gallons
457
509
587
617
527
484
433
425
421
427
401
489
619
. 514
175
200
235
260
235
225
205
200
200
195
185
230
280
190
No. of
Operating
Cycles in
Thousands
5.5
6.1
7.0
7.4
6.3
5.8
5.2
5.1
5.1
5.1
4.8
5.9
B.t.u. per
cu. ft.
(average)
460
465
470
480
495
500
505
505
505
500
500
505
7.4 497
6.2 455
Deposition
from Oil
heavy
heavy
heavy
heavy
medium
medium
excessive
excessive
excessive
medium
medium
light
light
light
General Data:-The generator fuel is coke which has an average analysis of:
moisture = 2.6 per cent
volatile matter = 1.2 per cent
free carbon = 90.8 per cent
ash = 8.25 per cent
sulphur = 0.61 per cent
In tests 9, 10, and 11 the coke used had a moisture content varying from 6 to 11 per cent. About onehour was taken to heat up the machines for operation and 10 to 12 hours for cooling down. Water was
sprayed on the checkerwork to expedite cooling.
Oil was delivered to Manly sprays under 60 lb. pressure heated to 60-70 deg. F. in the winter
and at atmospheric temperature in the summer. The oil was discharged at the rate of 15-20 gallonsper mm., or 30-40 gal. per run making gas with a heat value of 450-510 B.t.u. per cu. ft. depending
upon the requirements. In this range of making 2.5 to 2.9 gal. of oil are used per thousand cu. ft.
of gas produced. Each machine produces approximately 165,000 cu. ft. of gas per hour.The maximum temperature in the carbureter was 1600-1700 deg. F. at the top and the minimumtemperature was 1400-1450 deg. F. at the bottom. The blast pressure used for the machines was 36-39 in. of water. Twelve operating cycles were made per hour, the cycle being blow, 2 min., up-run,45sec., down-run, 9 5 sec., up-run, 30 see. and purge 0-10 sec. The oil sprays were not purged with
steam. The generator of each machine was cleaned every 14 hours, about one and one-half hours be-ing required for cleaning each machine.
The plant was built in 1924 by the Western Gas Company and had nine machines. The car-bureters were 16 ft. 7 in. by 10 ft. 6 in., outside dimensions. Eighteen courses of cheeckerbrick were
normally used in the carbureters, but only twelve courses were used in tests Nos. 9, 10, and 11. About150 bricks were required for each course of the checkerwork.
The results for the Champaign tests in Table 18 were used in
plotting the chart shown in Fig. 10, which shows the relation between
the duration of a test and the percentage residual strength of brands
V, VIII and XIII. An equation of the form
Xy - 100 . .
a + bx'
where y is the per cent residual strength of the brand of bricks, and
x is the duration of the test in net operating hours, was found to fit
the results from fifteen tests which were available in the case of
brand V, the values of a and b used in drawing the curve for brand
V in Fig. 10 being determined by the method of least squares. In
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TABLE 18
COMPARISON OF CHAMPAIGN AND CHICAGO SERVICE TESTS OF FIREBRICK
Comparison of length of test and actual decrease in strength of brand V
Test
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Champaign
Duration Net
Operating
Hours
220
240
183
246
382
342
441
1115
644
468
551
288
180
333
77
1175
34
Decrease in
Transverse
Strength
per cent
91.8
90.8
88.1
97.0
93.7
93.9
95.9
94.3
94.6
92.0
96.7
92.0
90.7
93.7
80.8
78.8
Duration Net
Operating
Hours
457
509
587
617
527
484
433
425
421
427
401
489
619
514
Chicago
Decrease in Transverse Strength
per cent
top bottom
96.8 84.6
97.6 87.1
94.1 69.0
81.8 ....
89.5 ...
92.1 83.8
94.8 82.0
87.2 70.3
89.1 81.1
88.6 78.9
drawing the curves for brands VIII and XIII, shown in the same
figure, it was assumed that an equation of the same form could be
used to represent their behavior, the values of a and b being calculated
from the data made available by duplicate tests. It is evident from
the figure that the rate of decrease in strength is very rapid during
the first two hundred operating hours. There was not enough varia-
tion in the duration of the Chicago tests to enable similar relation-
ships to be derived from the data.
As some of the brands of brick were tested in duplicate, the
probable errors of the service data could be calculated approximately.
For the equivalent C ratings in the Champaign tests, in which sam-
ples of thirty-five or more bricks were used, probable errors of about
4 per cent of the average values were found and, for the equivalent
A and B ratings, probable errors of about 30 and 17 per cent, respec-
tively. In the case of the equivalent C ratings, the probable errors
arising from errors of measurement, i. e., the probable errors
of the average values of the initial and final transverse strengths,
could be calculated separately, and were found to be about one-half
of the total probable errors. Because a number of the Chicago tests
were spoiled by excessive asphalt deposition, only a few duplicate
tests were available. The data from these tests indicated that the
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FIG. 10. PROGRESS OF BODY DETERIORATION
probable errors of the equivalent C ratings were two or three times
as great as those for the Champaign tests.
The preparation of the data given in Tables 13-18 involved a
great deal of arithmetical calculation, the results from about 5000
transverse strength tests, for instance, being used in obtaining the
equivalent C ratings. To guard against errors in computation the
original calculations were checked twice with a modern calculating
machine and, finally, by means of nomographs which could be read to
three figures.
10. Interpretation of Data.-The object of the interpretation was
to use the data which had been obtained from the investigation of
fireclay bricks and which are summarized in Tables 1-18, inclusive, in
finding what relationships, if any, existed between the service values
of the different brands of brick and their physical and chemical prop-
erties. Two methods were used: a graphical method, which consisted
in plotting the data in such a way that relationships became evident,
and a statistical method, which depended on the application of mod-
ern statistical theory, which up to that time had not been used in
connection with ceramic data. The discussion of the latter method
is given in the appendix, as it is novel and somewhat mathematical
in nature.
By plotting the service values of the different brands, as ordi-
nates, against the values obtained for their more important physical
and chemical properties, as abscissas, a number of graphs were ob-
o
P
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TABLE 19
PRICE AND BODY DETERIORATION IN SERVICE TESTS OF BRANDS
OF FIREBRICK TESTED
Price per Thousand
in dollars
30.
40.
50.
70.
140.
260.
Average Body
Deterioration
in Champaign Tests
by Method C
81.2
81.1
83.8
94.7
85.4
98.8
tained, the more important of which are shown in Figs. 12-18. In
judging the degree of relationship indicated by these graphs it should
be remembered (1) that the service data were obtained from what
were relatively uncontrolled experiments, in which a large number of
agencies causing deterioration of the test bricks were allowed to act,
agencies whose effects often depended on properties which were, in
fireclay bricks, often correlated negatively, and (2) that the data which
are plotted were subject to sampling errors, which, while they were
reduced as far as possible without using unwieldy numbers of bricks
and unduly prolonging the service tests, were nevertheless appreciable,
and tended to obscure relationships.
In interpreting the data it was necessary to use brands of bricks
as units, the values from the duplicate tests being averaged. Com-
plete data were available for seventeen brands of bricks in the Cham-
paign tests, and for fifteen brands of bricks in the Chicago tests.
When it is considered that there are about 480 brands of fireclay
bricks manufactured in the United States, it will be evident that care
had to be used in making generalizations. The significance of the
relationships which were found would have been much higher if data
for forty or fifty brands had been secured. However, the service tests
had shown that the difference between the best and the worst brands
of fireclay bricks was not very great, and that, under ordinary cir-
cumstances, fireclay bricks, as a class, were unsuited for use in the
upper courses of carbureters, although they gave satisfactory service
in the lower courses. For this reason, it was decided that the in-
creased accuracy which would be gained by prolonging the investiga-
tion of fireclay bricks would not justify the expense and time required,
and that experiments with other materials gave more promise.
In the foregoing all the brands of bricks as a group have been
considered. It is possible, however, to select small groups of brands
Number of
Brands
4
9
1
1
1
1
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TABLE 20
RELATION BETWEEN METHOD OF MANUFACTURE AND SERVICE
PERFORMANCE OF FIREBRICKS TESTED
Average Body Average Decrease in
Number Method of Stoutness Deterioration in Strength in Thermal
of Manufacture Champaign Tests Shock Test
Brands by Method C per cent
8 Stiff-mud repress 166 85.4 40.6
3 Dry-press 63 73.4 14.5
4 Hand mold 106 86.0 26.1
1 Semi-dry-press 115 70.7 13.3
TABLE 21
RELATION BETWEEN SURFACE DETERIORATION AND SERVICE
PERFORMANCE OF FIREBRICKS TESTED
Average Average
Number Equivalent Body Dete- Decrease in
mbe ace Stoutness ra in Strength in Peme- Coefficient
of Brands Grade Surface Stoutness Champaign SThermal ability ofDeterioration Tests by Shock Test Texture
Method C per cent
9 A 159 86.4 41.5 0.81 20.74 B 97 79.2 27.7 3.74 42.52 C 88 77.9 15.7 4.18 34.61 D 83 86.7 25.8 2.53 35.01 E 62 79.9 22.2 4.32 42.8
in such a way that the experiments in which they were used can be
considered more closely controlled with regard to some conditions
than when a group consisting of all the brands was dealt with. For
instance, brands II and III were made from the same clays (see
Table 1), and consequently experiments which were performed with
them could be considered as more closely controlled with regard to
chemical composition. The information resulting from such groupings
is given in Tables 19, 20, 21, and 22.
11. Conclusions.-The more important conclusions with regard to
the use of fireclay bricks as checkerbrick in carbureters, along with
a summary of the evidence on which these conclusions are based are
given in the following, and their bearing on the question of laboratory
tests and specifications and the prediction of service values is dis-
cussed. These conclusions have been divided into groups which relate
to general conclusions, causes of failure, and the relative value of the
different types of fireclay brick, respectively.
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TABLE 22
COMPARISON OF PROPERTIES OF PARTICULAR BRANDS OF FIREBRICK
Body Strength Equiv-
Method Deteriora- Decrease alentBrand of Perme- tion, n Grade Stout-Brand Manu- ability Method Thermal Surface ness Raw Materials
facture* C, Cham- Shock Deteriora-
paign Test tion
per cent
II DP 7.97 61.1 -0.3 C 471 2nd grade semi-flint
III SMR 0.62 94.2 54.9 A 234 and plastic clays
IX HM 2.73 84.2 18.6 B 99) flint and semi-flint
X SMR 0.41 89.8 46.6 A 192 clay
V SMR 0.68 93.0 44.3 A 165
V.t SMR 90.9 14.4 A 130 plastic clay
XIX SMR 5.00 79.8 28.5 B 101 plastic clay (same as
used for brand V) and
flint clay
*SMR, stiff-mud repress; HM, hand mold; DP, dry press
tV., soft-burned bricks of Brand V
General Conclusions
(1.) With some grades of oil (topped crudes, fuel oil, etc.) the
deposition of an asphalt-like material in the carbureters, and not the
failure of the checkerbrick, is the primary cause of shut-downs.
This situation was found to occur in the single-shell machines in
Chicago, and also on three or four occasions in the three-shell ma-
chines in which the service tests were made; it did not arise in Cham-
paign, and is not usual in small gas plants. When it does arise, it is
obvious that an improvement in the checkerbrick would serve no use-
ful purpose, and that some radical change in the carburetion process
must be made if frequent shut-downs are to be avoided. Several
changes of this kind were developed in the industry while this inves-
tigation was in progress, noteworthy among which was the increasing
tendency to dispense with the checkerwork in the carbureters, and
put more bricks in the superheater. The asphalt-like material then
deposits on the floor of the empty carbureter and can be removed
through the lower door. The disadvantages of this procedure have
not been fully determined. In some cases the removal of part of the
checkerwork aids in preventing asphalt deposition; in Chicago, this
was followed by an apparent increase in efficiency, in Champaign, by
a decrease.
(2.) Under the usual modern operating conditions, fireclay bricks,
as a class, are unsuited for use in the top courses of carbureters, al-
though they give satisfactory service in the lower courses.
None of the brands of fireclay bricks which were included in the
service tests showed sufficient resistance to the conditions encountered
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in the top courses of carbureters to indicate that their use would ob-
viate the necessity for frequent shut-downs. This is shown by the
service data given in Tables 13-18, especially the A ratings. It will
be seen that the differences between the best and the worst brands are
not very great, and that, even in the shorter tests, a number of the
firebrick disintegrated. It was also found that the brands of bricks
showing the least body deterioration usually suffered the most surface
deterioration, and, besides, were very apt to be low in stoutness. Fig-
ure 7 shows that the bricks of brand XIII, which was one of the best
brands included in the tests, were badly cracked after 342 operating
hours in a test in which conditions were not particularly severe.
The unsuitability of fireclay bricks was also shown by the tests,
which will be described later, in which heat-resisting alloy castings
were used. The difference in behavior between the worst and the best
brands of fireclay bricks was small in comparison with the difference
between any fireclay brick and an alloy casting.
Causes of Failure of Fireclay Brick
(1.) The major cause of failure was cracking as a result of the
stresses set up by the rapid temperature fluctuations in the top courses
of a carbureter, due largely to the quenching action of the oil.
The temperature fluctuations in the top courses of a carbureter,
as shown in Fig. 3, are very severe, indeed much more severe than
those met in other situations in which bricks are known to fail from
thermal shock.
The laboratory investigation showed that fireclay brick suffered
a very pronounced decrease in strength when subjected to temperature
fluctuations similar to those encountered in service.
As shown in Fig. 11 a definite correlation exists between the
service value of a ,brand of firebrick tested in the upper courses in
Champaign, and the decrease in strength which it experienced when
subjected to temperature fluctuations in the laboratory. This is dis-
cussed more fully in the Appendix. Figure 12 shows that this rela-
tionship is more pronounced for the brands of bricks tested in the
lower courses in Chicago. In the upper courses in the Chicago tests,
the relationship is not so definite (see Fig. 13), due to the greater
importance of surface deterioration, and the greater errors to which
the service values were subject.
As shown by Fig. 10 the decrease int strength of the checkerbrick
in service was very rapid, a condition which would be expected if
temperature fluctuations were very active in causing deterioration.
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The decrease in strength and the failure of the firebrick took
place very rapidly in all of the tests, although the severity of the
factors causing surface deterioration varied a great deal.
(2.) All the other causes of failure that have been suggested can
be shown to be of minor importance.
Surface deterioration was a minor cause of failure. In general,
as shown in Table 21, the brands suffering the least surface deteriora-
tion experienced the greatest decrease in strength in the service tests,
and in the thermal shock test in the laboratory. This shows that
attempts to improve the resistance to thermal shock of a fireclay
brick result, generally, in lowering its resistance to surface deteriora-
tion. As shown in Table 21 the effect of surface deterioration was
negligible for a number of the brands used in the Champaign tests.
A number of agencies, viz., reducing gases, steam, permanent
shrinkage, and formation of black cores, which at different times
have been considered of major importance in causing failure of check-
erbrick, were found to have relatively no importance.
It had frequently been argued that the deposition of carbon in
the pores of checkerbrick, due to the catalytic action of the iron
impurities on reducing gases present during the "run," was responsible
for the failure of checkerbrick, and that only bricks of low iron con-
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FIG. 12. RELATION BETWEEN BODY DETERIORATION, IN LOWER COURSES IN CHICAGO
SERVICE TESTS, AND RESISTANCE TO THERMAL SHOCK
tent should be used. The laboratory investigation of the effect of
reducing gases on fireclay brick (see pp. 27-29) showed that this depo-
sition did not take place readily at temperatures above 550 deg. C.
(1022 deg. F.), that it produced a characteristic type of failure which
was not observed in the service tests, and that, of the three brands
which were used in the laboratory investigation, the reducing gases
even at 550 deg. C. (1022 deg. F.) did not affect a brand of brick
which deteriorated rapidly in service and had a relatively high iron
content, although they attacked brands which had a lower iron content
and which deteriorated less rapidly in service (see Fig. 10).
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In addition to this practically no positive correlation between
the iron content and percentage decrease of strength in service of the
brands investigated was found (see Fig. 14), and the most permeable
brands of bricks suffered the least strength decrease in service (see
Fig. 16), results which would not be expected if deposition of carbon
from the gases were a major cause of failure. It must also be con-
sidered that, when carbon is deposited catalytically, it is generally in
a very finely divided form, and would be readily oxidized during the
"blow."
The laboratory investigations (see p. 29) also showed that the
effect of steam on fireclay bricks at high temperatures was very small,
and insignificant in comparison with the effect of temperature fluctua-
tions under service conditions.
The permanent contraction or expansion of commercial fireclay
bricks under actual operating conditions was found to be very small
(see Table 14). For brand V, for instance, the permanent change in
length in service over a period of four or five weeks was about + 0.30
per cent, or approximately the same as the temporary change in
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length which took place in less than a minute at the beginning of
each run, due to the rapid cooling of the checkerbrick at this part of
the cycle.
It was found (see p. 30) that the presence or absence of black
cores in used bricks served only as a rough measure of their permea-
bility, all the checkerbrick being black cored during actual operation.
The bricks in the lower courses which gave good service were as
black-cored as those .in the upper courses where disintegration took
place rapidly. Some of the brands, e. g., brand XIII, which gave the
best service in carbureters, had very pronounced black cores, which
were due to graphite formed from the decomposition of the oil vapors.
There is no reason to believe that this action was catalytic, and it is
difficult to see how the material could have been deposited continu-
ously so as to exert pressure, as it was of such a nature that it tended
to seal the pores in the brick. Where a very large crack had already
been formed in a brick there was some evidence that a dense graphitic
deposit aided in producing further disruption, probably by opposing
the closing of the cracks during the heating-up period.
Relative Value of Different Types of Fireclay Bricks
Each method of manufacture has its particular advantages and
disadvantages. The tendency to use only stiff-mud bricks made from
plastic clay is to some extent due to considerations which were found
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to be of no importance. The use of semi-flint clay, or the introduction
of grog or flint clay, improves the properties of stiff-mud bricks.
Dry-press and semi-dry-press bricks might be used more commonly
than at present.
The results given in Tables 19, 20, and 21 enable a rough com-
parison to be made of the different methods of manufacture. They
show that the dry-press bricks did not lose their strength as rapidly
as stiff-mud bricks, due to their greater ability to resist thermal
shock, but that their stoutness was less, and that they were more
subject to surface deterioration. The hand-mold bricks had properties
intermediate between those of the dry-press and the stiff-mud bricks.
Only one brand of semi-dry-press bricks was tested, as only one was
available when this investigation was begun. This brand combined
a relatively low decrease in strength in service with sufficient stout-
ness to permit rough handling and was not subject to surface deteri-
oration. This combination of properties is probably due to the nature
of the raw materials and the relatively low burning temperature rather
than to the method of manufacture, but this is not certain.
Further proof of the foregoing conclusions is afforded by the re-
sults in Table 22 which, as explained on page 47, have been grouped
so that the experiments can be considered as closely controlled. For
instance, brands II and III differed only in their method of manufac-
ture, thus affording a controlled comparison of the stiff-mud and dry-
press processes; brands IX and X afforded a similar comparison of
the stiff-mud and hand-mold processes. The data for brands V, Vs,
and XIX, which were made by the same process, and with the same
plastic clay, show that the addition of flint clay improved the prop-
erties of the bricks without making them too subject to surface dete-
rioration and that the soft-burned bricks showed some superiority,
although they tended to open along laminations. Soft-burned bricks
sometimes cost less than hard-burned bricks and could be used
economically in small carbureters.
It has been customary to recommend stiff-mud bricks for use as
checkerbrick because, being dense, they were supposed to resist the
penetration of reducing gases. The experiments made in connection
with this investigation showed that this was not an important consid-
eration, and that stiff-mud bricks could be improved by the addition
of flint clay or grog and burning at lower temperatures, provided that
these changes were not so radical that surface deterioration and
breakage from loss of stoutness would become important. For the
same reason the production of dry-press bricks having greater density
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and correspondingly greater stoutness and resistance to surface deteri-
oration would enable this type of brick to be used in larger quantities.
As already pointed out, the iron content of the bricks does not
appear to be of any special importance, despite the fact that a low
iron content is often specified for checkerbrick, and an iron-free brick
considered a worthy objective.
An examination of the figures given in Table 19 shows that a
higher priced brick was, more often than not, liable to give poorer
service. In particular cases, however, such as when the increase in
price was due to the introduction of flint clay into stiff-mud bricks
(see Table 22), the higher price was justified by the service rendered.
No attempt was made to determine the efficiency of the different
types of fireclay brick with regard to heat interchange, a matter
which had received considerable attention in the case of checkerbrick
for regenerators. This was due to the fact that, in so far as the action
of carbureter brick was understood, the maintenance for a relatively
long period of the optimum cracking temperature was more important
than efficient heat interchange. It was also found that the heat
capacity of different fireclay bricks did not vary greatly, and that
under operating conditions their thermal conductivities and emissivi-
ties would be nearly the same. Accurate determinations of efficiency
in practice are difficult to make and theoretical calculations fall far
short of the mark,* as is shown by the increase in efficiency which
occurred in the Chicago machines when half of the checkerwork was
removed.
Laboratory Tests and Specifications
When this investigation was initiated, it was considered a possi-
bility that the formulation of adequate specifications would result in
an increase in the service rendered by fireclay brick which would be
sufficient to remove the necessity of frequent shutdowns. To prove
that such was the case, it would have been necessary to prove, among
other things, (1) that bricks which give satisfactory service could be
made from fireclay, (2) that this could be done by a large number of
manufacturers using readily available raw materials, (3) that ad-
equate specifications were possible, and (4) that the use of such speci-
fications would not result in excessive production costs.
The investigation has given little reason for concluding that the
correctness of any of these propositions has been demonstrated. The
results obtained indicate that proposition (1) is seldom true; the re-
alization of proposition (2) is even less probable, especially when an
*Knollmann, Jour. Amer. Ceram. Soc., 10, 4, pp. 299-308, April, 1927.
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improvement in one desirable property in a fireclay brick is generally
accompanied by a loss of other important properties. The formula-
tion of adequate specifications was rendered difficult by the lack of
uniformity of service conditions, the difficulties involved in predicting
service values from the outcome of laboratory tests, and because, for
most manufacturers, adequate specifications would be quite conflicting.
In this connection it is of interest to determine whether or not the
results obtained in this investigation justify some of the specifications
for checkerbrick which have been proposed at different times. Such
specifications usually set limits to the porosity, reversible thermal
expansion, permanent thermal expansion or contraction, iron content,
load bearing capacity at high temperatures, dimensions, and behavior
in a thermal shock test.
Figure 15 fails to show any significant correlation between poros-
ity and service value for the brands investigated. This throws consid-
erable doubt on the usefulness of porosity measurements in predicting
service value. In the past high porosity has sometimes been specified
to secure better resistance to thermal shock and low porosity in an
effort to prevent gas penetration.
It is shown graphically in Figs. 17 and 18 that neither the amount
of reversible expansion caused by heating the different brands of
brick from the average minimum to the average maximum tempera-
ture found in the top courses of the Champaign carbureters, nor the
amount of this expansion which could be attributed to the transforma-
tion of alpha to beta quartz at 575 deg. C. (1076 deg. F.), were cor-
related with the service values.
The results indicated that specifications of iron content and
permanent change in dimensions on heating are hardly justified.
Table 5 shows that both strong and weak brands of brick were
included in the investigation, and Table 16 that all of them lost their
strength rapidly in service even in the bottom courses of the car-
bureters. In spite of this, however, no evidence of failure from lack
of load-bearing capacity was found in the service tests, although
ability to resist deformation when hot tended to keep a cracked brick
from falling apart readily. This seemed to be the case with brands
XVIII and XIV.
The dimensions of a checkerbrick are of importance in two ways
(1) an undersized brick represents a definite loss of material to the
gas manufacturer and (2) uniformity of dimensions, especially the
4% in. dimension, enables a stronger checkerwork to be built in less
time. The tendency towards the production of undersized bricks is
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shown by the figures in Table 8, the average brand having an average
volume about 5.7 per cent below standard straight volume, less than
one-fifth of this deficiency being accounted for by trade-mark inden-
tations. This represents a loss to the consumer of about 4 per cent of
the cost price. The coefficients of variation of the 41 in. dimensions,
or widths, of the bricks of different brands are also shown in Table 8.
These show that some brands were more nearly uniform than others
in this respect. This latter variation was not so important a matter
as the lack of volume, and too exacting specifications would unduly
increase the cost of production.
Since the major cause of failure was found to be thermal shock,
the use of spalling or thermal shock tests had some justification and
will be discussed in the following paragraphs.
It is to be expected that the use of fireclay checkerbricks in car-
bureters will continue for some time to come, especially in the bottom
courses, where they usually give satisfactory service, and in the top
courses of small carbureters in which light gas oil is generally used.
Although specifications did not seem to be justified, it seemed probable
that, where a number of brands of brick were available at reasonable
prices, some increase in service could be secured by a judicious choice
of brands. For this reason, the possibility of predicting service value
by means of laboratory tests was investigated.
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TESTS, AND PERMEABILITY
In considerations of service value, body deterioration, surface
deterioration, and breakage in the handling had to be taken into ac-
count, the surface deterioration and breakage in handling being great-
est, usually, for brands suffering the least body deterioration. Expe-
rience in this investigation showed that brands having a stoutness
(see p. 24 and Table 8) of less than 100 required special care in
handling. Where carbureter conditions were favorable for slag and
asphalt deposition and erosion by coke particles, the brands with the
highest coefficients of texture suffered the most surface deterioration.
Body deterioration could be predicted very roughly from a knowledge
of raw materials and method of manufacture (see p. 55),
with more certainty when the permeability was known and with
the greatest certainty from the percentage decrease in strength when
subjected to fluctuations in temperature in the laboratory (see p. 31
and Table 12).' The value of the last two methods of prediction will
now be discussed.
An examination of Fig. 16 shows that there was positive correla-
tion between the permeability of the brands of brick investigated and
their body deterioration in the service tests. However, since this cor-
relation was not very high, and since the distribution of permeabilities
was not. symmetrical, permeability measurements gave only approxi-
mate indications of service values. Statistical treatment of the data
(see Appendix A) indicated that the body deterioration of a large num-
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ber of brands of practically the same permeability would vary about
70 per cent as much as that of a similar number chosen at random. For
two out of the seventeen brands tested, viz., brands XIII'and XVIII,
an entirely wrong idea of service value was obtained from permea-
bility measurements.
The procedure followed in the laboratory investigation of the
effect of temperature fluctuations (see p. 31 and Table 12) could be
considered to constitute a thermal shock test and, as such, afforded a
better basis for prediction of body deterioration than did the permea-
bility measurements. The high correlation and symmetrical distribu-
tion of values involved are shown in Figs. 11 and 12, and, to a lesser
degree, in Fig. 13. A statistical study of the data indicated that
about one-half the uncertainty as to the probable body deterioration
of a brand of bricks was removed when it was subjected to the thermal
shock test. It also gave more accurate values for brands XIII and
XVIII than the permeability measurements. Prediction equations
which could be used in predicting body deterioration of bricks in the
lower courses in Chicago, and in the upper courses in Champaign, are
given in Figs. 11 and 12, in which graphs of the equations are also
plotted.
Figure 19 shows graphically the value of the results yielded by
the thermal shock test when used in predicting body deterioration in
0
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FIG. 18. RELATION BETWEEN BODY DETERIORATION, IN CHAMPAIGN SERVICE
TESTS, AND AMOUNT OF INVERSION
the top courses of carbureters in Champaign. Curve A gives the
probable frequency distribution of the body deteriorations of 100
brands of fireclay bricks, selected at random, which might be sub-
mitted for investigation; curve B gives a similar frequency distribu-
tion of 100 brands, only brands suffering approximately 13 per cent
decrease in strength in the thermal shock test being included; and
curve C is a curve similar to curve B, but for brands suffering approx-
imately 78 per cent decrease in strength in the thermal shock test.
Points a and a' indicate the observed values for brand XIII, the
strength decrease of which in the thermal shock test was 13.3 per cent,
and point c represents a similar value for brand XVIII, which suf-
fered 77.5 per cent decrease in the thermal shock test. In drawing
the curves allowance was made for the errors of measurement in the
service tests, but not for similar errors in the thermal shock tests.
It will be seen from the figure that by means of the thermal
shock test it was possible to decide whether brands were very poor
or very good, but that it would be difficult to divide a large number
of brands into more than two or three reasonably distinct groups. It
is improbable that refinements in the thermal shock test would appre-
ciably increase its usefulness. The difficulty lies rather in the fact
that (1) the differences in service value between different brands of
fireclay brick are not very great (see curve A, Fig. 19), and that (2)
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sampling errors in the case of each brand were important. The
sampling errors, about ±- 4 per cent (see Table 12), might have been
reduced by using larger numbers of specimens, but, as this error varies
inversely as the square root of the number of specimens, or approxi-
mately so, and since as many as twenty specimens were used in the
tests, it would have been necessary to prolong the tests unduly to
obtain an appreciable increase in accuracy. Other thermal shock
tests, usually quenching tests, were proposed during the progress of
this investigation. Judging by experience with method A in the
service tests, these thermal shock tests would be subject to even
greater sampling errors, although no information on this point was
available.
The foregoing considerations led to the conclusion that when a
large number of brands of brick were available, the thermal shock
test could be used in eliminating the more unsuitable brands, but
would not discriminate between brands whose service values did not
differ greatly. Such discrimination could be accomplished within a
reasonable length of time by service tests in which care was taken to
secure comparative results.
'9 _ _ _ _ 1 4_ _ _ _ _
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IV. INVESTIGATION OF SPECIAL REFRACTORIES AND
REFRACTORY COATINGS
12. Purpose and Plan.-While the investigation of fireclay bricks
was in progress it became evident that they were subject to serious
limitations. For this reason an investigation of special refractories
and refractory coatings was initiated. This investigation was largely
exploratory in nature, the possibilities of various materials being de-
termined by means of service tests in which relatively small samples
of a number of materials were used, although more comprehensive tests
were made in one or two instances. The following materials were
tested: fireclay bricks coated with refractory cements, silica bricks,
chrome bricks, sillimanite bricks, alundum-porcelain tubes, graphite
blocks, fused quartz blocks and tubes, natural soapstone blocks,
burned soapstone blocks, and bonded silicon carbide bricks.
13. Refractory Coatings.-The service tests of fireclay bricks
showed that, in general, brands having an open texture suffered less
body deterioration than those whose coefficient of texture was rela-
tively small, but that they were more subject to surface deterioration.
It was thought that by coating such bricks with refractory cements
surface deterioration could be prevented, and thus their service value
increased. For this reason service tests were made in which three
refractory coatings, designated A, B, and C, were used. Coating A
was a commercial cement containing silicon carbide, B was a similar
cement containing fireclay grog instead of silicon carbide, and C was
a special fireclay cement intended for use with brand I fireclay bricks.
Coating A was applied to bricks of brands II, IV, V, and VI, coating
B to brands IV, V, and VI and coating C to brand I. In every case
the mixtures were applied with stiff brushes, three coats being used.
Twenty to twenty-four bricks were used in testing each combination,
and, in three cases, a like number of uncoated bricks were included
in the same test to act as parallels.
In all the tests it was found that the application of coatings to
bricks of brand V, which had a low coefficient of texture (see Table
7), resulted in an increase in body deterioration, but that for brands
I, II, IV, and VI, which had high coefficients of texture, the reverse
was true. The amount of surface deterioration was difficult to esti-
mate, but appeared to be the same for coated as for uncoated bricks.
A comparison of the service ratings for coated and uncoated bricks is
afforded by the following table in which average values are reported.
Although the increase in service value obtained by coating open
textured bricks was significant, it was not large enough to indicate
that coated bricks offered a solution to the problem, or to justify the
cost of the coatings under ordinary circumstances.
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FIG. 20. Top COURSE, TEST NO. 13, CHAMPAIGN
TABLE 23
COMPARISON OF SERVICE RATINGS FOR COATED AND UNCOATED BRICKS
Body Deterioration Aver. Equivalent Rating*
Texture Brands Remarks
A B C
45.0 2.23 93.0 uncoatedClose ........ 49.4 2.22 94.2 coated
Open........ . I I I 1  42.8 1.96 83.2 uncoatedIV&VI (30.7 2.49 78.0 coated
*A - percentage broken; B - arbitrary scale; 4 - good, 1 - bad; C - percentage de-
crease in strength.
14. Miscellaneous Materials.-The following specimens were in-
cluded in service test 13, Champaign: eleven silica bricks (brand
XXI); twelve chrome bricks (brand XX); fifteen sillimanite bricks,
five of each of three mixes; four alundum-porcelain tubes (alundum
40 per cent, ball clay 9 per cent, kaolin 31 per cent, feldspar 20 per
cent by weight) 412 in. long, 2 in. in inside diameter, 3 in. in outside
diameter; and twenty soapstone blocks 9 in. x 4% in. x 2% in., seven
of which had previously been fired to cone 9 in the laboratory, blocks
from four different quarries being included. In service test 6, Cham-
paign, a graphite block, 9 in x 4% in. x 2% in., was placed in the top
course and, in test 19, Champaign, two fused silica plates 9 in. x 41
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FIG. 21. CENTER OF TOP COURSE, TEST No. 7, CHAMPAIGN
The bricks designated XIV are bonded silicon carbide; the others are firtclay.
in. x 21 in., and four fused silica tubes 41% in. long, 2 in. in inside di-
ameter, and 2% in. in outside diameter, were tested.
The appearance of the materials in the top course of the carbu-
reter after test 13 is shown in Fig. 20, in which fireclay is designated
by the letter F, silica by L, chrome by C, sillimanite by M, alundum-
porcelain by A, and soapstone by S. None of the materials showed
promise of exceptional service value, although it was observed that
the soapstone tended to split along the natural laminations in the
blocks, and that silica bricks gave reasonable service in the second
course, a result which was not expected. The graphite block used in
test 6, Champaign, disappeared entirely, and the fused quartz tubes
and plates included in test No. 19 were badly shattered, although
petrographic examination of the fragments gave no evidence of any
but very superficial devitrification.
Since the soapstone blocks seemed to fail largely as a result of
natural laminations, experiments with blocks made by bonding crushed
soapstone were initiated but were later discontinued due to the narrow
maturing range of such bodies.
15. Bonded Silicon Carbide.-Some data pertaining to the prop-
erties of bonded silicon carbide bricks of commercial manufacture
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TABLE 24
BODY DETERIORATION OF BRICK IN SERVICE TEST No. 10, CHICAGO
Duration-427 net operating hours
Brand
Number Removed
Number
Placed In one piece In two pieces In more than
two pieces
Per Cent
Whole
FIRST COURSE
Bonded Silicon
Carbide ....... 72 13 16 43 18.1
Control V ....... 72 0 2 70 0.0
SECOND COURSE
Bonded Silicon
Carbide ...... 62 53 6 3 85.5
Control V ....... 63 10 23 30 15.9
THIRD COURSE
Bonded Silicon
Carbide ....... 48 44 1 3 91.7
Control V....... 49 34 3 12 69.4
XIX........... 48 41 1 6 85.4
FOURTH COURSE
Bonded Silicon
Carbide ....... 48 46 1 1 95.8
Control V....... 49 39 5 5 79.6
XIX ........... 48 46 0 2 95.8
TWELFTH COURSE
Bonded Silicon
Carbide ....... 10 10 0 0 100.0
Control V....... 10 10 0 0 100.0
XIX........... 10 10 0 0 100.0
were obtained from laboratory tests. and investigations; other data
were submitted by the manufacturer. The information thus obtained
is given in Tables 1 to 12, inclusive, the Roman numeral XIV being
used to designate this type of brick. This information shows that, in
comparison with the average of seventeen brands of fireclay bricks,
bonded silicon carbide bricks had less absorption, lower porosity,
lower permeability, greater transverse strength, greater weight, higher
stoutness, a smaller coefficient of variation in width, a smaller coeffi-
cient of texture, did not fall as short of standard volume, and suffered
a greater decrease in strength when subjected to repeated thermal
shock under the conditions of the experiments.
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TABLE 25
BODY DETERIORATION OF BRICKS IN SERVICE TEST No. 12, CHICAGO
Duration-489 net operating hours
FIRST COURSE
Bonded Silicon
Carbide......... 69 30 8 31 43.5
Control V......... 75 4 12 59 5.3
SECOND COURSE
Bonded Silicon
Carbide........ 72 56 5 11 77.8
Control V......... 72 28 23 21 38.9
Six bonded silicon carbide bricks were included in service test 7,
Champaign. Their appearance after the test is shown in Fig. 21.
Although they had cracked to a considerable extent, they showed
some superiority to fireclay bricks, especially in resisting surface de-
terioration. For this reason more comprehensive tests were made in
carbureters in Chicago, where ability to resist surface deterioration
would be a decided asset.
Samples of bonded silicon carbide bricks were included in tests
10, 12, and 13 in Chicago, the service data for which are given in
Table 17. Previous experience had shown that slag did not adhere
firmly to bonded silicon carbide bricks, and it was expected that their
high initial cost might be partly counterbalanced by the possibility
of cleaning and reusing the bricks which were not badly cracked. For
this reason, the whole bricks which survived test 10 were cleaned and
used in test 12, the bricks surviving this test being used again in test
13. Large samples were used so that fairly accurate ratings could be
obtained by a comparison of the states of subdivision of the bricks
of the different brands tested. In addition, the strengths of small
samples were measured after the tests.
Brand V was used as a control brand in the tests, new bricks
being used in each test. Samples of brand XIX, which gave better
service than brand V, were also included in some of the tests.
Tables 24, 25, and 26 afford a comparison of the conditions of the
different brands of brick used in tests 10, 12, and 13, respectively;
Table 27 gives a summary of the transverse strength data which were
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TABLE 26
BODY DETERIORATION OF BRICKS IN SERVICE TEST No. 13, CHICAGO
Duration-619 net operating hours
Number Removed
Brand Number Placed Per Cent Whole
In one piece In more than
one piece
FIRST COURSE
Bonded Silicon Carbide... 68 8 60 11.8
Control V .............. . 74 0 74 0.0
obtained in connection with these tests. An examination of Table 24
shows that, in the upper two courses in test 10, the bonded silicon
carbide bricks were decidedly superior to the brand V bricks; that,
in the third and fourth courses, they were superior to brand V bricks
but roughly on a par with brand XIX bricks; and that, in the twelfth
course, all three brands of bricks gave the same service. Similarly,
the data in Tables 25 and 26 for tests 12 and 13 show that the re-
claimed silicon carbide bricks were superior to brand V bricks. Table
27 shows that the transverse strengths of both the bonded silicon car-
bide and the fireclay bricks that survived the tests were very small
in comparison with their initial strengths, except for the bonded silicon
carbide bricks from the twelfth course, which had retained a surpris-
ingly high proportion of their initial strength.
An examination of the bonded silicon carbide bricks after a test
failed to show any evidence that they had suffered from gaseous at-
tack or had been susceptible to surface deterioration, any slag or car-
bon material deposited on the bricks being easily removed. Since it
was also true (see Table 12) that the silicon carbide bricks suffered a
marked decrease in strength when subjected to thermal shocks in the
laboratory, it was decided that their failure was due to temperature
fluctuations caused by the quenching action of the oil. Their superi-
ority to fireclay bricks was probably due to their ability to resist
surface deterioration and to hold together even when badly cracked.
In both the Chicago and the Champaign tests the silicon carbide bricks
showed a tendency to crack in a symmetrical manner, as can be seen
by an examination of Fig. 21.
The outcome of these tests showed that where the agencies caus-
ing surface deterioration were particularly active it was reasonable
to expect that the life of an average checkerwork could be approxi-
mately doubled by the substitution of bonded silicon carbide bricks
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TABLE 27
STRENGTH DETERIORATION OF BRICKS IN SERVICE TESTS
Nos. 10 AND 13, CHICAGO
Brand
Bonded Silicon Carbide..
Control V ............ ..
Bonded Silicon Carbide..
Control V..............
X IX ..................
Bonded Silicon Carbide..
Test No.
10
10
10
10
10
13
Course No.
1
2
12
12
12
1
No. of
Bricks
5
5
5
16
10
6
Average
Modulus of
Rupture after
Test
lb. per sq. in.
237
151
2879
203
302
407
Average
Modulus of
Rupture when
New
lb. per sq. in.
2826
1254
2826
1254
730
2826
for fireclay bricks in the top three or four courses. Whether or not
this gain would more than offset the high initial cost of silicon carbide
(about thirty-five times that of fireclay, see Table 1) would depend
on the value of increased capacity to the plant in question. In Chi-
cago the matter was further complicated by the fact that occasional
excessive deposition from the oil would result in premature shut-
downs and loss of the silicon carbide bricks.
16. Conclusions.-The investigation of special refractories and
refractory coatings showed that out of a large number of materials
which were subjected to service tests only two showed much promise
of future usefulness. There was a possibility that crushed and bonded
soapstone might give good service, and that bonded silicon carbide
bricks might be used economically under certain conditions. The lat-
ter were certainly superior to fireclay bricks in the service tests, espe-
cially in resisting surface deterioration.
V. INVESTIGATION OF HEAT-RESISTING ALLOYS
17. Purpose and Plan.-The purpose of the investigation of heat-
resisting alloy castings was to determine, by means of service tests,
the feasibility of using them in place of fireclay checkerbrick in the
upper three courses of carbureters. No attempt was made to develop
alloys which would be specially suited to this type of work, commercial
alloys being used which, with one or two exceptions, were recom-
mended by the companies who made them, and who in many cases
donated the castings. The data submitted by the manufacturers are
given in Table 28.
18. Service Tests.-Castings of two different designs were used in
the service tests: (a) a hollow box having the same outside dimensions
as a standard straight firebrick, a uniform wall thickness of % in.
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(12.7 mm.), and rounded corners, and (b) a short H-section beam
whose outside dimensions also approximated those of a fire-
brick. Design (a) was developed by the writers, design (b) was sug-
gested by one of the manufacturers who said it would be less expen-
sive to make.
In service tests 9, 13, 14, 16, and 18, Champaign, a few castings
were tested along with a large number of firebrick; in tests 19, 20, 21,
22, and 23, a large number of castings were used in building up the
central portion of the upper three courses of the West carbureter in
Champaign. Where only a few castings were used, the disintegration
of the supporting checkerwork often caused them to overturn, to be
filled with debris and to be subjected to unnecessarily severe condi-
tions. The second method of placing overcame this difficulty, placed
the castings in the most exposed position in the carbureter and thus
accelerated the tests; it did not, however, allow the use of firebrick as
a control. The castings which survived a test were, whenever possible,
used in the next test, some of them being used in six or more tests.
Table 29 gives the operating data for the tests in which castings
were used. Several changes in generator fuel took place during the
tests and, in addition, the machine was reconstructed and operated
by the "cool gas" process after May 6, 1927. In this process, the oil
is injected into the carbureter in one-half the time formerly used, so
the quenching action is more severe. For the first few days the oper-
ation of the machine was somewhat irregular and excessive tempera-
tures were reached, which affected the castings adversely, softening
some which, up to that time, had remained rigid.
Table 30 is a schedule of the service tests. The names of the
alloys are listed in the first column, the numbers distributed through-
out the body of the table show the number of castings of each kind
which were included in the different tests, the net operating hours for
each test are indicated at the top of the table, and the total operating
hours for each type of alloy are given in the last column of the table.
When enough time was available photographs of the castings were
made in the interval between tests. Figure 22 shows the appearance
of the top course after test 16, Champaign. It will be observed that
the fireclay bricks near the center of the carbureter were completely
disintegrated. This was true of the first three courses, the castings
shown in the center of the picture being found resting on their sides
on the fourth course, although they were originally placed in the
center of the top course. Figure 23 shows the appearance of the cast-
ings after test 23, Champaign. It will be observed that a number of
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FIG. 22. TOP COURSE, TEST No. 16, CHAMPAIGN
the castings were still fit for use, although some of them had already
been used for over 4700 operating hours, during part of which time
new operators were trained and abnormally high temperatures oc-
curred.
19. Conclusions.-Table 1 shows that a number of the castings
withstood carbureter-conditions for 4757 operating hours, and Fig. 23
that they were still capable of further service, probably as much as
10 000 operating hours in some cases. Fireclay bricks in similarly
exposed positions seldom lasted 300 operating hours, being usually
completely disintegrated at the end of that time.
The deterioration of the castings which took place was due prin-
cipally to the following causes: (a) softening and volatilization, (b) ac-
cidental overturning, filling with carbon and debris and subsequent
bursting, (c) cracking from temperature changes and subsequent
chemical attack at the cracks so formed, and (d) scaling, due pre-
sumably to sulphur attack. In these tests, except for one or two
relatively cheap alloys containing a high percentage of iron, factor
(b) was the most common cause of failure, Fig. 23 showing typical
examples. This factor could be largely eliminated in a large scale
installation by using rails extending from one side of the carbureter
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FiG. 23. TOP COURSE, TEST No. 23, CHAMPAIGN
to the other. Factors (c) and (d) would always be present to some
extent, although they could probably be lessened by the development
of special alloys. This is most probably true for factor (d), as re-
cent experiments have shown that the addition of two per cent of
silicon has beneficial effects.
The life of alloy castings in an actual installation could probably
be increased by using castings in the form of rails long enough to
stretch from one side of the carbureter to the other. In addition to
this, when shut-downs were occasioned by failures of the other parts
of the machine, the cracks which have appeared in the rails could be
welded with an oxy-acetylene torch, thus increasing the life of the
rails. These tests showed that castings having walls of uniform thick-
ness and rounded corners had a longer life than those having sharp
edges and corners.
Theoretical considerations would lead us to expect that castings
would, if anything, be more efficient than firebrick, their lower specific
heat being more than offset by their greater density, thermal conduc-
tivity, and strength in thin sections. No very reliable measure of the
efficiency of castings was afforded by the tests because the number of
castings used was small, the operating conditions (see Table 29) were
subject to change during the tests and the method used in controlling
the operation of the generator was based on the assumption that the
value of the oil and the efficiency of the carbureter remained constant.
A comparison of the East and West carbureters showed that there was
no significant difference in efficiency although castings were present
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in the West carbureter and not in the East. In the West carbureter,
the appearance of the top of the checkerwork after a test was very
much improved after the installation of the castings.
The information obtained from the service tests of heat-resisting
alloys showed that, in some cases, the life of castings of such alloys
when used in the top courses of the carbureters in Champaign, was
more than 15 times, and might be 20 to 30 times, that of fireclay
bricks, that there was no reason for supposing that they were not so
efficient as fireclay bricks, and that the only modification in operating
procedure occasioned by their use was the necessity of avoiding very
extreme temperatures. For carbureters of this type, therefore, they
provide a possible solution to the problem if their high initial cost can
be justified.
A checkerwork consisting of twelve courses of fireclay brick,
three courses of bonded silicori carbide brick, and two courses of heat
resisting alloys would cost about nineteen times as much as one con-
sisting wholly of fireclay brick of the type ordinarily used, according
to the price data submitted by the manufacturers. Such a checker-
work could reasonably be expected to last about fifteen times as long
as one made wholly of fireclay bricks, and, due to the fact that fre-
quent shut-downs would be avoided, would increase the capacity of
the machine, decrease labor costs, and increase the certainty of oper-
ation. It appears probable, therefore, that, in a number of plants,
the use of such checkerworks would result in an ultimate saving.
In carbureters where the deposition of slag and coke was exces-
sive or apt to be excessive at relatively frequent intervals, the same
advantage would not be derived from the use of the composite check-
erwork described in the foregoing paragraph, because the carbureter
would have to be shut down occasionally for the removal of coke and
debris, and there would always be a chance of deposition so excessive
that the castings would be difficult to recover, except as scrap. There
is also the possibility that, in carbureters where heavy oil was used,
the temperatures might be higher than those in the Champaign car-
bureters, and the life of castings correspondingly shorter.
VI. SUMMARY
20. Nature and Extent of Investigation.-The investigation of
checkerbrick for carbureters of water-gas machines which has been
described was initiated in 1924 at the suggestion of the Sub-committee
on Refractories of the Utilities Research Committee, who pointed out
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that, under the conditions then existing, losses in the capacity of car-
bureted water-gas machines were being caused by the failure of the
checkerwork in the carbureters, which was usually built of cheap,
stiff-mud fireclay bricks. The complete investigation comprised four
smaller investigations, viz., a preliminary investigation, an investiga-
tion of fireclay bricks, an investigation of special refractories and
refractory coatings, and an investigation of heat-resisting alloys.
The preliminary investigation revealed the main features of the
problem and the difficulties involved in an adequate investigation of
the situation.
In the investigation of fireclay bricks the physical and chemical
properties of a number of brands of fireclay brick were determined;
the effects of reducing gases, steam, and temperature fluctuations on
fireclay bricks, and the significance of black cores in used bricks, were
investigated; and the service values of the different brands were de-
termined by means of service tests in which samples of each brand
were subjected to actual operating conditions in carbureters in Cham-
paign and Chicago. From the data so obtained the relative impor-
tance of the different causes of failure, and the probability of making
a radical improvement in the situation without recourse to materials
other than fireclay were determined.
In the investigation of special refractories and refractory coat-
ings a number of service tests were made to find out whether any
special materials which were ordinarily not used in carbureters gave
promise of usefulness, and whether the life of checkerbricks could be
increased by the application of coatings. The following materials
were tested: silica bricks, chrome bricks, sillimanite bricks, alundum-
porcelain tubes, graphite blocks, fused-silica blocks and tubes, natural
soapstone blocks, burned soapstone blocks, 'bonded silicon carbide
bricks, a silicon-carbide coating, and two types of fireclay coatings.
The investigation of heat-resisting alloys consisted principally of
service tests in which alloy castings were subjected to the most severe
conditions found in the carbureters in Champaign. Only readily
available commercial alloys were tested.
21. Conclusions.-The conclusions which were arrived at by an-
alyzing the data secured by means of the investigations described in
Section 20 will be summarized in the following. The evidence on which
they were based has already been given in the description of the
investigation.
Conclusions Regarding Fireclay Bricks
(1) With some grades of oil (topped crudes, fuel oil, etc.) the
deposition of an asphalt-like material in the carbureters, and not the
failure of the checkerbrick, was the primary cause of shut-downs.
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(2) Under the operating conditions investigated, fireclay bricks, as
a class, were found to be unsuited for use in the top courses of carbu-
reters, although they gave satisfactory service in the lower courses.
(3) The major cause of failure of fireclay checkerbricks was
cracking due to the stresses set up by the rapid temperature fluctua-
tions in the top courses of a carbureter, due largely to the quenching
action of the oil.
(4) Surface deterioration due to attack by slag and coke breeze
was a minor cause of failure.
(5) A number of factors, which at different times had been con-
sidered of major importance in causing failure, were found to be rela-
tively unimportant. These included the deposition of carbon in the
pores of the checkerbrick due to the catalytic action of iron impuri-
ties, the presence of steam in high concentrations, permanent con-
traction and expansion, and the formation of black cores.
(6) Each method of manufacture had advantages and disadvan-
tages. The tendency to use stiff-mud bricks made from plastic clay
exclusively was due to considerations which were of little importance.
The use of semi-flint clay, or the addition of grog or flint clay, im-
proved the properties of stiff-mud bricks. Dry-press and semi-dry-
press bricks could be used more extensively.
(7) No relation was found between the chemical composition
and the service value of the brands of bricks investigated. Even
the iron content, to which particular attention was paid, was found
to be unimportant in its effect.
(8) Of the brands examined, the higher priced brands were
liable, more often than not, to give poorer service. Increases in
price caused by the introduction of flint clay or grog into stiff-mud
bricks appeared to be justified by the increased service rendered.
(9) There was little reason for supposing that the efficiencies of
different types of fireclay bricks were significantly different.
(10) The situation was of such a nature that the formulation of
adequate specifications was almost impossible, and would result in no
pronounced increase in the service rendered by fireclay bricks. The
data obtained in this investigation did not justify a number of speci-
fications which had been proposed, with the exception of specifications
of dimensions and resistance to thermal shock.
It should be pointed out that (1) most of the brands of brick
which were investigated had already been developed to the point
where they would pass a number of the common specifications for
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firebrick, and (2) quantities which were found to be uncorrelated for
brands chosen at random might be correlated if the choice were re-
stricted. An extreme case of restriction would be one in which bricks
of only one brand were considered, e. g., in acceptance tests. For
acceptance tests specifications might be very desirable.
(11) In consideration of service value, body deterioration, sur-
face deterioration, and breakage in handling should be taken into
account. The coefficients of texture and stoutness can be used in
predicting surface deterioration and breakage in handling, respec-
tively. Body deterioration can be predicted very roughly from a
knowledge of raw materials and method of manufacture; with more
certainty when the permeability is known; and with the greatest
certainty by means of the thermal shock test developed as part of
this investigation. Even the last method, however, will not discrim-
inate between brands whose service values did not differ greatly, a
result which can be accomplished best within a reasonable length of
time by service tests in which care is taken to secure comparative
results.
Conclusions Regarding Special Refractories
and Refractory Coatings
(12) Of a number of special refractories which were tested only
bonded soapstone and bonded silicon carbide bricks gave promise of
usefulness. Service tests of bonded silicon carbide bricks showed that
they were superior to fireclay bricks, especially in resisting surface
deterioration; and that a composite checkerwork in which such bricks
were used in the three upper courses could be expected to last twice
as long as a fireclay checkerwork, and might be used economically
in some carbureters.
(13) Refractory coatings decreased the service value of bricks
having a low coefficient of texture, but increased the service value of
more open-textured bricks. This increase, though clearly significant,
was not sufficient to justify the cost of coating under ordinary cir-
cumstances.
Conclusions Regarding Heat-resisting Alloys
(14) Service tests showed that the life of some heat-resisting
alloy castings when used in the top courses of the Champaign car-
bureters was more than fifteen times and might be twenty to thirty
times that of fireclay bricks in an actual installation, that there was
no reason for supposing them less efficient than fireclay bricks, and
that the only modification in operating procedure occasioned by their
use was the necessity of avoiding excessive temperatures.
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(15) A composite checkerwork consisting of twelve courses of
fireclay bricks, three courses of bonded silicon carbide bricks, and
two courses of heat-resisting alloy castings in the form of rails, would
cost about nineteen times as much as one consisting wholly of fire-
clay bricks. Such a checkerwork could reasonably be expected to last
about fifteen times as long as one made entirely of fireclay bricks,
and would result in an ultimate saving due to increased capacity,
lower labor charges, and increased certainty of operation, except in
carbureters where slag-carbon deposition was very excessive, or where
extremely high temperatures would be encountered.
APPENDIX A
STATISTICAL INTERPRETATION OF DATA
1. Correlation Coefficients.-In deciding on the method of inter-
pretation to be used the writers were guided by the fact that in nearly
all cases the evidence needed was a statement of the extent to which
certain properties of the different brands of bricks, or their action in
the laboratory investigations, were related to their action in the
service tests. With this in mind, the interpretation of the data was
made largely a matter of calculating correlation coefficients, which
expressed in a quantitative fashion the degree of correlation which
existed between two variates of the "population" of brands of fireclay
bricks. We might take, for instance, as one variate, the body deteri-
oration, measured by method C, of a number of brands of bricks and,
as the other variate, the strength deterioration of the same brands in
the laboratory investigation of the effect of temperature fluctuations.
Correlation coefficients can have values from - 1 to + 1, a value
of zero indicating lack of correlation and a value of unity indicating
that the two variates can be considered as one variate. The sign of
the correlation coefficient indicates the nature of the correlation. If
high values of one variate are associated with high values of another
variate the sign will be positive, if the reverse is true it will be neg-
ative.
Correlation coefficients having values intermediate between zero
and unity indicate degrees of correlation between those given in the
foregoing. Thus a correlation coefficient of + 0.8 between two vari-
ates indicates that of all the factors which influence their values 80
per cent act in a similar manner in both cases.
The correlation coefficients calculated from the data given in the
previous chapters were subject to three distinct sources of error,
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sampling, departure from normality, and errors in measurement.
Sampling errors arose from the fact that, in most cases, calculations
were based on data secured from only seventeen brands of bricks out
of a very large number of brands which might have been suggested
for use in carbureters. As has been pointed out the accuracy of the
conclusions was not of sufficient importance to warrant the reduction
of errors from this source by a continuation of the experiments. It
is possible, however, to estimate the effect of sampling errors on the
values obtained, if it be assumed in each case that the properties
considered were normally distributed. This assumption was the most
reasonable one to make, if it were desired to generalize at all, and
could be justified on the grounds that the properties of a brand of
firebrick were the result of the independent action of a large number
of factors, that in most of this work average values calculated from a
large number of specimens were being dealt with, and that, in so far
as the distribution of the properties of firebrick had been investigated,
normal distributions had been found.
Errors due to departure from normality arose from the fact that
the correlation coefficients were calculated on the assumption that the
relation between the variables was linear. If it were not linear too
low values would be obtained. In the cases to be considered the
presence of and the amount of relationship rather than its true equa-
tion were of interest and, indeed, the data was subject to such varia-
tion that an assumption of linearity was as reasonable as any other
assumption. In one or two cases, some skewness was apparent in the
data and will be pointed out. By errors of measurement are meant
the errors in the values of the variates. For instance, the C rating
of a brand of brick was subject to errors in the measurements of the
mean strengths from which it was calculated, errors in the assumption
involved in calculating equivalent values, and other errors. The
effect of these errors, if it is assumed that they are uncorrelated, was
to make the values obtained for the correlation coefficients too low.
Tables 31 and 32 give a list of the more important correlation
coefficients which were calculated from the data in the previous tables.
Figures 11 to 18 illustrate some of the important relationships. The
evidence for some of the conclusions regarding fireclay bricks (see
p. 50) can now be presented in a statistical manner, using the corre-
lation coefficients given in Table 32. These coefficients have not been
corrected for the errors of measurement of the data from which they
were derived. In many cases these errors are known and corrections
can be applied, the result being, usually, a higher value of the correla-
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TABLE 31
DESIGNATION OF PRINCIPAL VARIATES
Desig- No. of
nation Variate Table
1. Equivalent Body Deterioration, Method C, Top Courses, Champaign Service
T ests............ ....... ... ................... ................. 13
2. Equivalent Body Deterioration, Method A, Top Courses, Champaign Service
T ests................... ..................... .................. 13
3. Equivalent Body Deterioration, Method B, Top Courses, Champaign Service
Tests ........................................................... 13
4. Equivalent Body Deterioration, Method C, Top Courses, Chicago Service Tests 16
5. Equivalent Body Deterioration, Method A, Top Courses, Chicago Service Tests 16
6. Equivalent Body Deterioration, Method C, Lower Courses, Chicago Service
T ests................ ........... ........ ....................... 16
7. Per cent Decrease in Strength, Laboratory Investigation of Effect of Temper-
ature Fluctuations................................................ 15
8. Per cent Iron Content, Laboratory, Tests ................................. 6
9. Per cent Thermal Expansion, 340-1030 deg. C ............................. 9
10. Amount of Expansion due to Inversion at 575 deg. C. (per cent) ............ 9
11. Coefficient of Texture, Laboratory Tests ...... .......................... 7
12. Stoutness, Laboratory Tests . .......................................... 8
13. Porosity (per cent), Laboratory Tests ......... ........................... 6
14. Permeability, Laboratory Tests . ....................................... 7
15. Price per Thousand, Manufacturers' Data ................................ 1
tion coefficient. In trying to arrive at the most important cause of
failure, it is permissible to use these corrected values, but, when a
laboratory test is being evaluated, corrections for errors which are
inherent in the test should not be applied.
2. Conclusion as to Major Cause of Failure.-The major cause
of failure was cracking due to stresses set up by the rapid temperature
fluctuations in the top courses of the carbureter. This is shown by
the fact that a definite correlation existed between the service value
of a brand of firebrick and the percentage decrease in strength which
it suffered when subjected to temperature fluctuations in the labora-
tory. For seventeen brands that were tested in Champaign in the top
courses the uncorrected correlation coefficient (see Table 32) was
- 0.81, and has a value of P of 0.01, i. e., it would be expected to
arise by chance only once in 10 000 trials. If this coefficient was cor-
rected for the errors of measurement a value of + 0.92 was obtained.
This correction was, however, only approximate and should not be
construed too strictly. A similar correlation coefficient for the top
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TABLE 32
CORRELATION OF VARIATES AND PREDICTION OF SERVICE VALUES
Number of
brandst
17
15
17
13
17
14
17
17
17
16¶
17
16¶
16
17
16
16
16
Desig-
nation of
X-variate
7
7
7
7
7
7
8
15
9
9
10
10
11
12
13
14
10
Desig-
nation of
Y-variate
1
4
2
5
3
6
1
1
1
14
1
1
1
1
1
1
14
Coeff.t of
correla-
tion (r)
+0.81
+0.70
+0.57
+0.24
-0.20
+0.89
-0.28
+0.45
-0.28
-0.16
-0.002
+0.07
-0.55
+0.50
+0.05
-0.62
-0.06
P
0.01
0.36
1.6
44
41
0.002
28
r for
P = 50
0.18
0.19
0.18
0.21
0.18
0.20
0.17
(very skew)
28 0.18
...... 0.18
...... 0.18
...... 0.18
2.9 0.18
4.2 0.18
86 0.18
1.0 0.18
0.18
Coeff. of
Aliena-
tion*
0.585
0.717
0.457
Prediction
Equation
Y = aX + b
a
0.44
0.60
1.00
b
69
58
19:.3
*Coeff. of alienation = /1 - r 2 , where r = coeff. of correlation
tFor the service test data, only brands of which 35 bricks were tested were included, values
from duplicate tests were averaged.
*Not corrected for errors in measurement of values of variates
TExcluding brand XVIII
courses in Chicago had a value of - 0.70 (see Table 32) with a value
of P of 0.36, i. e., an expectation of arising by chance about 16 times
in 10 000 trials. Corrections for errors of measurement cannot readily
be made in this case. For the lower courses in Chicago very high
correlation (uncorrected r - 0.89, P = 0.002; corrected r = 0.98) was
obtained between the percentage decrease in strength produced by
temperature fluctuations in the laboratory tests, and that produced by
actual carbureter conditions. This indicates that in the lower courses
surface deterioration was unimportant, as would be expected.
3. Conclusion as to Unimportant Factors in Failure.-The effect
of reducing gases was unimportant. In addition to the evidence of
the laboratory investigations, there was the following evidence of a
statistical character:
As shown in Table 32 there was practically no positive correlation
between the iron content and the service values of the brands of
bricks investigated, a small, non-significant, negative correlation being
found. There was also the fact that the most permeable brands of bricks
suffered the least decrease in service (r = 0.62, P = 1, corrected
r = 0.70), a result which would not be expected if deposition of car-
bon from the gases had been a major cause of failure.
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4. Conclusion as to Desirability of Specifications.-Specifications
of porosity and thermal expansivity did not appear to be justified. The
correlation between the porosities of the brands investigated and their
body deterioration in the top courses of the carbureter in Champaign,
as measured by method C, is given by r = +0.05 (corrected r approx-
imately the same) with a value of P of 86, showing that there is no
significant correlation, a result which throws considerable doubt on
the value of porosity measurements for predicting service value. That
there was no correlation between service value and thermal expan-
sivity was shown by the value of the correlation coefficient for these
two variates (r = approximately 
- 0.20, P = 30) which is given in
Table 22. The same holds true for the amount of inversion (r
= +0.10).
5. Conclusion as to Prediction of Service Value.-The correlation
coefficient between permeability and body deterioration (method C,
Champaign) was - 0.62, a value which would occur by chance alone
about once in a hundred trials. If this value is corrected for the
known errors of the strength measurements used in measuring body
deterioration, but not for errors in the permeability measurements,
nor for errors due to fluctuations in operating conditions, a value of
- 0.70 is obtained. This gives a coefficient of alienation (see Table
32) of about 0.72, which means that the service values of a large
number of brands of practically the same permeability would vary
about 70 per cent as much as the values for a large number of brands
chosen at random.
The percentage decrease in strength suffered by a brand of bricks
afforded a better basis for the prediction of service value than did the
permeability. The coefficient of correlation for the top courses in
Champaign was + 0.81, for the top courses in Chicago + 0.70, and
for the lower courses in Chicago + 0.89, as is shown in Table 32. In
the case of the top courses in Champaign the errors of measurement
were known with fair accuracy, and were less than those in Chicago.
If the value + 0.81 is corrected for known errors in strength measure-
ments used in measuring body deterioration but not for the known
errors of the thermal shock test, the value of r becomes + 0.90, the
corresponding coefficient of alienation being 0.44. This shows that
about one-half the uncertainty as to the probable body deterioration
of a brand of bricks is removed if we know its behavior in the thermal
shock test. This conclusion is presented graphically in Fig. 19.
The corrected value of r for the lower courses in Chicago is
+ 0.96, the coefficient of alienation being + 0.28, which indicates that
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about 70 per cent of the uncertainty as to the action of a brand of
bricks in the lower courses can be removed by making a thermal
shock test.
6. Conclusion as to Effect of Repeated Thermal Shock on Fire-
brick.-Since the thermal stresses produced in a checkerbrick in the
top course of a carbureter by the quenching action of the oil were
approximately the same for each cycle of operation, and since this
repeated quenching has been shown to be the major cause of failure,
one might ask why the checkerbrick did not fail during the first cycle
of operation, or, in other words, why the decrease in strength was
progressive, as shown in Fig. 10. While progressive failure under re-
peated thermal shock has generally been attributed to gradual vitri-
fication of the bricks in question, the following explanation seems to
be more applicable in this case, as the bricks which were used had
already been burned to temperatures much higher than those encoun-
tered in carbureters.
Let us suppose that, as a result of the first cycle of operation, a
small crack has been produced in a checkerbrick near the center of
its upper surface and at right angles to it long dimension. During
the next "blow" its upper surface will be heated strongly, closing up
the crack and producing a state of compression in the lower surface
of the brick; this will cause a slight permanent deformation to occur,
resulting in a little arching of the lower surface. During the run
which follows, the upper surface will contract suddenly but, due to
the presence of the crack, will be weak in tension and unable to coun-
teract the permanent deformation produced during the blow, and
consequently the crack will become wider and deeper. During sub-
sequent cycles more and more deformation of the lower surface of
the brick will take place, and the crack will open more and more,
until it becomes wide enough to be filled with debris, which will
greatly hasten the process of disintegration.
If this explanation is accepted, it follows that bricks which do
not deform readily when hot will not fall apart rapidly under repeated
thermal shock, even although they may crack badly. This conclusion
was borne out by the behavior of brand XVIII fireclay bricks and
brand XIV bonded silicon-carbide bricks, both of which were known
to be very resistant to deformation when hot, and also showed de-
cided tendencies to resist disintegration in the service tests, even
when badly cracked.
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APPENDIX B
BIBLIOGRAPHY
1. Subsidiary Publications.-The following are the titles, with
short abstracts, of publications by the writers having a bearing on the
investigation described in this bulletin.
(a) Parmelee, C. W. and Westman, A. E. R., "An Investigation
of Checkerbrick for Carbureters," Jour. Amer. Ceram. Soc., 9, 5, May,
1926. A progress report of the investigation in which the methods
used in carrying out the service and laboratory tests, and the data so
far obtained were submitted for discussion and criticism.
(b) "The Measurement of the Permeability of Ceramic Bodies,"
Univ. of Ill. Eng. Exp. Sta. Cir. 14. Chapter III describes a type B
permeameter operating on the continuous flow principle which was de-
veloped for the purpose of measuring the permeability of commercial
refractories using full-sized standard straight bricks as specimens.
(c) Parmelee, C. W. and Westman, A. E. R., "The Effect of
Steam on the Transverse Strength of Fireclay Bricks," Jour. Amer.
Ceram. Soc., 10, 4, April, 1927. A detailed description of the labora-
tory investigation of the effect of steam on fireclay bricks described
briefly on p. 29 of this bulletin.
(d) Westman, A. E. R., "The Mercury Balance-An Apparatus
for Measuring the Bulk Volume of Brick," Jour. Amer. Ceram. Soc.,
9, 5, May, 1926. A detailed description of the apparatus used in con-
nection with the laboratory tests of fireclay bricks described in
pp. 19-20 of this bulletin.
(e) Westman, A. E. R., "Statistical Methods in Ceramic Re-
search," Jour. Amer: Ceram. Soc., 10, 3, March, 1927. Attention is
drawn to the fact that ceramists have almost entirely neglected sta-
tistical methods although they are particularly applicable to their
fundamental problems. A brief description, with examples, of some
of the modern statistical methods, especially those used by the
biometrists, is given; and a few situations in which these methods
could be used to advantage in ceramic research, especially in inves-
tigations of refractories, are pointed out.
(f) Westman, A. E. R. and Pfeiffer, W. H., "A Comparison of the
Uniformity of Strength and Texture of Fire Brick Made by Different
Processes," Jour. Amer. Ceram. Soc., 9, 9, September, 1926.
The application of the laws of chance to a number of data ob-
tained from strength and permeability measurements indicated that
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stiff-mud bricks were more uniform in strength and less uniform in
structure than those made by the dry-press process. Hand-made
bricks showed quite a variation in strength and structure, whereas
the one available brand of brick made by the semi-dry press (English
type machine) showed good uniformity of both strength and texture.
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Pressures Attainable in the Combustion of Gaseous and Liquid Fuels, by G. A.
Goodenough and G. T. Felbeck. 1923. Eighty cents.
Bulletin No. 140. Viscosities and Surface Tensions of the Soda-Lime-Silica
Glasses at High Temperatures, by E. W. Washburn, G. R. Shelton, and E. E.
Libman. 1924. Forty-five cents.
Bulletin No. 141. Investigation of Warm-Air Furnaces and Heating Systems.
Part II, by A. C. Willard, A. P. Kratz, and V. S. Day. 1924. Eighty-five cents.
Bulletin No. 142. Investigation of the Fatigue of Metals; Series of 1923,
by H. F. Moore and T. M. Jasper. 1924. Forty-five cents.
Circular No. 11. The Oiling of Earth Roads, by Wilbur M. Wilson. 1924.
Fifteen cents.
Bulletin No. 143. Tests on the Hydraulics and Pneumatics of House Plumb-
ing, by H. E. Babbitt. 1924. Forty cents.
Bulletin No.144. Power Studies in Illinois Coal Mining, by A. J. Hoskin
and Thomas Fraser. 1924. Forty-five cents.
Circular No. 12. The Analysis of Fuel Gas, by S. W. Parr and F. E. Van-
daveer. 1925. Twenty cents.
Bulletin No. 145. Non-Carrier Radio Telephone Transmission, by H. A.
Brown and C. A. Keener. 1925. Fifteen cents.
Bulletin No. 146. Total and Partial Vapor Pressures of Aqueous Ammonia
Solutions, by T. A. Wilson. 1925. Twenty-five cents.
Bulletin No. 147. Investigation of Antennae by Means of Models, by J. T.
Tykociner. 1925. Thirty-five cents.
Bulletin No. 148. Radio Telephone Modulation, by H. A. Brown and C. A.
Keener. 1925. Thirty cents.
Bulletin No.149. An Investigation of the Efficiency and Durability of Spur
Gears, by C. W. Ham and J. W. Huckert. 1925. Fifty cents.
Bulletin No. 150. A Thermodynamic Analysis of Gas Engine Tests, by C. Z.
Rosecrans and G. T. Felbeck. 1925. Fifty cents.
Bulletin No.151. A Study of Skip Hoisting at Illinois Coal Mines, by
Arthur J. Hoskin. 1925. Thirty-five cents.
Bulletin No. 152. Investigation of the Fatigue of Metals; Series of 1925,
by H. F. Moore and T. M. Jasper. 1925. Fifty cents.
*Bulletin No. 153. The Effect of Temperature on the Registration of Single
Phase Induction Watthour Meters, by A. R. Knight and M. A. Faucett. 1926.
Fifteen cents.
*Bulletin No. 154. An Investigation of the Translucency of Porcelains, by
C. W. Parmelee and P. W. Ketchum. 1926. Fifteen cents.
tOnly a partial list of the publications of the Engineering Experiment Station is published
in this bulletin. For a complete list of the publications as far as Bulletin No. 134, see that
bulletin or the publications previous to it. Copies of the complete list of publications can be
obtained without charge by addressing the Engineering Experiment Station, Urbana, Ill.
*A limited number of copies of the bulletins starred are available for free distribution.
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Bulletin No. 155. The Cause and Prevention of Embrittlement of Boiler
Plate, by S. W. Parr and F. G. Straub. 1926. Thirty-five cents.
BulletinNo. 156. Tests of the Fatigue Strength of Cast Steel, by H. F.
Moore. 1926. Ten cents.
*BulletinNo. 157. An Investigation of the Mechanism of Explosive Reac-
tions, by C. Z. Rosecrans. 1926. Thirty-five cents.
*Circular No.13. The Density of Carbon Dioxide with a Table of Recalcu-
lated Values, by S. W. Parr and W. R. King, Jr. 1926. Fifteen cents.
*Circular No. 14. The Measurement of the Permeability of Ceramic Bodies,
by P. W. Ketchum, A. E. R. Westman, and R. K. Hursh. 1926. Fifteen cents.
*Bulletin No. 158. The Measurement of Air Quantities and Energy Losses in
Mine Entries. Part II, by Alfred C. Callen and Cloyde M. Smith. 1927.
*Bulletin No. 159. An Investigation of Twist Drills. Part II, by B. W. Bene-
dict and A. E. Hershey. 1926. Forty cents.
*Bulletin No. 160. A Thermodynamic Analysis of Internal Combustion Engine
Cycles, by G. A. Goodenough and J. B. Baker. 1927. Forty cents.
*BulletinNo. 161. Short Wave Transmitters and Methods of Tuning, by
J. T. Tykociner. 1927. Thirty-five cents.
Bulletin No. 162. Tests on the Bearing Value of Large Rollers, by W. M.
Wilson. 1927. Forty cents.
*Bulletin No.163. A Study of Hard Finish Gypsum Plasters, by Thomas N.
McVay. 1927. Twenty-five cents.
Circular No. 15. The Warm-Air Heating Research Residence in Zero
Weather. 1927. Fifteen cents.
Bulletin No. 164. Tests of the Fatigue Strength of Cast Iron, by H. F.
Moore, S. W. Lyon, and N. P. Inglis. 1927. Thirty cents.
Bulletin No.165. A Study of Fatigue Cracks in Car Axles, by H. F. Moore.
1927. Fifteen cents.
Bulletin No. 166. Investigation of Web Stresses in Reinforced Concrete
Beams, by F. E. Richart. 1927. Sixty cents.
*Bulletin No. 167. Freight Train Curve-Resistance on a One-Degree Curve
and a Three-Degree Curve, by Edward C. Schmidt. 1927. Twenty-five cents.
*Bulletin No. 168. Heat Transmission Through Boiler Tubes, by Huber 0.
Croft. 1927. Thirty cents.
*Bulletin No. 169. Effect of Enclosures on Direct Steam Radiator Perform-
ance, by Maurice K. Fahnestock. 1927. Twenty cents.
*Bulletin No. 170. The Measurement of Air Quantities and Energy Losses
in Mine Entries. Part II, by Alfred C. Callen and Cloyde M. Smith. 1927.
Forty-five cents.
*Bulletin No. 171. Heat Transfer in Ammonia Condensers, by Alonzo P.
Kratz, Horace J. Macintire, and Richard E. Gould. 1927. Thirty-five cents.
BulletinNo. 172. The Absorption of Sound by Materials, by Floyd R.
Watson. 1927. Twenty cents.
*BulletinNo.173. The Surface Tension of Molten Metals, by Earl E.
Libman. 1928. Thirty cents.
*Circular No. 16. A Simple Method of Determining Stress in Curved Flex-
ural Members, by Benjamin J. Wilson and John F. Quereau. 1928. Fifteen cents.
*Bulletin No.174. The Effect of Climatic Changes upon a Multiple-Span
Reinforced Concrete Arch Bridge, by Wilbur M. Wilson. 1928. Forty cents.
*Bulletin No. 175. An Investigation of Web Stresses in Reinforced Concrete
Beams. Part II. Restrained Beams, by Frank E. Richart and Louis J. Larson.
1928. Forty-five cents.
*Bulletin No. 176. A Metallographic Study of the Path of Fatigue Failure
in Copper, by Herbert F. Moore and Frank C. Howard. 1928. Twenty cents.
Bulletin No. 177. Embrittlement of Boiler Plate, by Samuel W. Parr and
Frederick G. Straub. 1928. Forty cents.
*Bulletin No. 178. Tests on the Hydraulics and Pneumatics of House Plumb-
ing. Part II, by Harold E. Babbitt. Thirty-five cents.
*Bulletin No. 179. An Investigation of Checkerbrick for Carbureters of
Water-gas Machines, by C. W. Parmelee, A. E. R. Westman, and W. H. Pfeiffer.
Fifty cents.
*A limited number of copies of the bulletins starred are available for free distribution.


THE UNIVERSITY OF ILLINOIS
THE STATE UNIVERSITY
Urbana
DAVID KEfi Y, Ph.D., LL.D., President
THE UNIVERSITY INCLUDES THE FOLLOWING DEPARTMENTS:
The Graduate School
The College of Liberal Arts and Sciences (Curricula: General with majors in
the Humanities and the Sciences; Chemistry and Chemical Engineering;
Pre-legal, Pre-medical and Pre-dental; Pre-journalism, Home Economics,
Economic Entomology and Applied Optics)
The College of Commerce and Business Administration (Curricula: General
Business, Banking and Finance, Insurance, Accountancy, Railway Adminis-
tration, Railway Transportation, Industrial Administration, Foreign Com-
merce, Commercial Teachers, Trade and Civic Secretarial Service, Public
Utilities, Commerce and Law)
The College of Engineering, (Curricula: Architecture, Ceramics; Architectural,
Ceramic, Civil, Electrical, Gas, General, Mechanical, Mining, and Railway
Engineering; Engineering Physics)
The College of Agriculture (Curricula: General Agriculture; Floriculture; Home
Economics; Landscape Architecture; Smith-Hughes--in conjunction with the
College of Education)
The College of Education (Curricula: Two year, prescribing junior standing for
admission-General Education, Smith-Hughes Agriculture, Smith-Hughes
Home Economics, Public School Music; Four year, admitting from the high
school-Industrial Education, Athletic Coaching, Physical Education. The
University High School is the practice school of the College of Education)
The School of Music (four-year curriculum)
The College of Law (three-year eurriculum based on two years of college work.
For requirements after January 1, 1929, address the Registrar)
The Library School (two-year curriculum for college graduates)
The School of Journalism (two-year curriculum based on two years of college
work)
The College of Medicine (in Chicago)
The College of Dentistry (in Chicago)
The School of Pharmacy-(in Chicago)
The Snummer Session (eight weeks)
Experiment Stations and Scientific Bureaus: U. S. Agricultural Experiment
Station; Engineering Experiment Station; State Natural History Survey; State
Water Survey; State Geological Survey; Bureau of Educational Research.
The Library collections contain (June 1, 1927) 733,580 volumes and 162,783
pamphlets.
For eatalogs and information address
THE REGISTRAR
Urbana, Illinois
7-h
-<-K
